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ABSTRACT
The goal of this thesis is to assess the influence of an existing structure on tunneling-
induced ground movements. This is accomplished through 2D numerical simulations that
are compared with similar prior studies reported by Potts and Addenbrooke (1997). The
current study uses the Plaxis finite element code together with the Hardening Soil (HS
and HSS) family of constitutive models in order to represent the undrained shear
behavior of clay. Input parameters of the HS and HSS models were calibrated for the
case of London Clay and compared with results of Potts and Addenbrooke (1997) who
used a non-linear elastic model (PJ model). Results have clearly indicated that the choice
of soil model has an important influence on the prediction of greenfield ground
settlement. The HSS model with the selected set of stiffness parameters provides a
reasonable fit with the PJ model and matches closely the greenfield settlement trough
expected from empirical models. Numerical analyses are carried out to evaluate the
effects of the self-weight, and equivalent elastic bending and axial stiffness of a surface
building on tunneling-induced ground movements. For the case of a weightless building,
design modification factors for bending and axial stiffness are consistent with results
promulgated in Potts and Addenbrooke (1997). For the self-weight scenario, the current
analyses indicated that neglecting this factor in the analyses can result in non-
conservative estimate of modification factors for deflection ratio and horizontal strain. It
is therefore suggested that the effect of building weight cannot be neglected when the
boundary effect of building stiffness on the ground is used as a tool to reduce the
estimated values of greenfield settlement trough or deflection ratio and horizontal strain
of existing buildings in a building damage assessment.
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1 Introduction
Tunneling-induced ground movements can cause serious damage to overlying buildings
and utilities and have a profound influence on costs associated with tunneling projects.
In many cities the urban underground space is very congested with building foundations,
transportation and utility tunnels. It is inevitable that the alignment of new tunnels will
interact with the existing infrastructures including old, sensitive buildings and tunnels.
The relationship between tunneling-induced ground movements and existing structures is
not simple. The problem involves coupled soil-structure interactions, where the
tunneling construction affects existing structures, while existing structures also influence
the tunneling-induced ground movements. There are three common approaches currently
used to estimate tunneling-induced ground movements: 1) empirical, 2) analytical and 3)
numerical methods. Among these only numerical analyses are specifically able to model
the complexities of soil-structure interactions. Current engineering practice does not take
into account the soil-structure interaction in the design of new tunneling projects.
Burland (1995) recommended a three-stage procedure for evaluating the risk of building
damage that accounts for beneficial effects of settlement reduction due to stiffness of
existing buildings. Potts and Addenbrooke (1997) conducted a parametric study using
non-linear finite element methods to assess the influence of an existing structure on
ground movements due to tunneling. Their study focused on four key parameters: 1) the
width of the structure; 2) its equivalent bending and axial stiffness (based upon elastic
13
deep beam theory after Burland and Wroth, 1974); 3) building position relative to the
tunnel centerline; and 4) the depth of the tunnel. By introducing relative stiffness
parameters which combine bending and axial stiffness of the structure with building
width and stiffness of the soil, they proposed a unifying framework for estimating
building damage parameters (deflection ratio and horizontal strain). This thesis provides
a further comparative study of the influence of building properties using numerical
analysis. The current study follows the earlier work of Potts and Addenbrooke (1997)
and focuses on ground conditions typically found in London (with particular focus on the
Crossrail project). However, in contrast to the earlier study 1 , this research uses a
commercial finite element code PLAXIS m together with the Hardening Soil family of
constitutive models (Hardening Soil HS, Schanz, Vermeer and Bonnier 1999 and
Hardening Soil Small HSS, Benz 2006).
done with ICFEP and a bespoke soil model proposed by Jardine et.al (1986)
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2 Literature Review
2.1 Introduction
This chapter gives an overview of the three common methods for tunneling-induced
ground movement predictions (empirical, analytical and numerical) followed by a
discussion of the state-of-the-art three-stage approach for the assessment of risk of
damage to buildings (Burland, 1995). One of the key steps in this procedure is to
compute the relative stiffness of the structure relative to the soil and to account for the
relative stiffness in estimating ground response due to tunneling.
2.2 Empirical Method
The empirical method is the most widely-used means to predict magnitude of ground
movement. The method uses case history data to predict the magnitude of settlement by
assuming a certain geometric shape for the surface settlement distribution. Following
Peck (1969) the 2-D transversal settlement trough above a tunnel (under greenfield
conditions) is mostly commonly described by a Gaussian distribution function, Figure 2.1:
y = uy2exp( )2 (2.1)
where uY = settlement
uY0 = the maximum settlement at the tunnel centerline
x = the horizontal distance from the tunnel centerline
15
xi = the horizontal distance from the tunnel centerline to the point of
inflection of the settlement trough
Settlement Volume:
AV,,= 2.5uoxi
\ y 1 Inflexion
Lateral Distance, x
Volume Change
in Ground, AV
8
u= u, 
-exp 2x2Y Y ( x 2
S
Ground Loss at
V
Tunnel Volume, V 0 VL = AV /V ; AV = AV + AVS L
Figure 2.1: Empirical function for transversal, greenfield surface settlement trough (Pinto
and Whittle, 2012 after Peck, 1969)
This equation was firstly proposed by Martos (1958) and based on field measurements of
settlements above mine openings, and by Schmidt (1969) from tunnel projects for the
Chicago subway project.
Mair and Taylor (1997) show that the width of the settlement trough is correlated to the
depth of the tunnel, H, and to the characteristics of the overlying soil, see Figure 2.2a.
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The same Gaussian function can describe the subsurface vertical ground movements by
varying the trough width parameter, such that the point of inflection is defined by:
xi = K (H - y) (2.2)
where H is the tunnel depth to springline and K
2.2b.
Offset to Inflexion Point, x (m)
0 5 10 15 20
q0
is a non-linear function shown in Figure
Trough Width Parameter, K
A0l 05 1.0 1.5
02
0.4
0.6
0-0.8
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a) Width of surface settlement troughs b) Width of sub-surface settlement troughs
Figure 2.2: Empirical estimation of inflection point (after Mair and Taylor, 1997)
There is not much data for estimating the horizontal components of ground deformations.
The common practice is to assume that the displacement vectors are directed to a point on
or close to the center of the tunnel as proposed by Attewell (1978) and O'Reilly and New
(1982):
x
ux jj HuY (2.3)
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- Moh et al.
(1996): Silty sands
Mair & Taylor
* (1997): ClaysSE/
Dyer et al.-(1996): Sands '. A
Sym. Site Soil Type R/H
A Green Park London Clay 007
p Regents Park London Clay 0.06.0.10
-l HEX London Clay 0.6
0 St James Park London Clay 0.08
Willington Qy soft clay 0.16
eeCentrifuge kaolin 023,0.14
By integrating equation (2.1), the volume of surface settlement trough, AV5, per unit
advancement of the tunnel can be obtained:
AVs = 'JZrxiSmax (2.4)
The volume loss AVL, which represents the ground loss around the tunnel, is obtained by:
AVL = AXs + Avg (2.5)
where AVg represents the volume change of the ground.
It is worth noting that the volume loss at the tunnel cavity AVL is not necessarily equal to
the surface volume AV,. For example, when tunneling in dense sand under drained
conditions, Cording and Hansmire (1975) report that AVS < AVL due to soil dilation. On
the other hand, when tunneling in clay where short-term (i.e., end of construction) ground
movements usually occur under undrained (constant volume) conditions, it is generally
expected that AV, = AVL (Mair and Taylor, 1997). Macklin (1999) has assumed that
measurements of surface settlements are associated with ground loss at the tunnel
heading and hence, can be correlated to the stability conditions at the tunnel face.
Figure 2.3 shows Macklin (1999)'s correlations between the volume loss AVL (= AVS) for
shallow tunnels in clay and the load factor, LF = N/Nc, where Nc is the critical stability
number derived by Kitamura and Mair (1981) and N is:
N = (Gv - aT)/Su (2.6)
where av is the overburden stress at the springline elevation, aT the face pressure at the
loading and Su, the undrained shear strength of the clay.
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Mobilized stability number; N =!( a - aT )/sL I V
Limiting stability nu
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(a) Empirical estimate of ground loss for shallow
tunnel in Clays (Macklin, 1999)
(b) Critical advanced stability of
unsupported headings of tunnels in clay
(Kitamura & Mair, 1981)
Figure 2.3: Empirical estimate of ground loss at the tunnel heading and correlation with
stability number
Empirical method mainly depends on past field observations. However in reality, ground
movement depends on various factors such as tunnel geometry and depth, tunnel
construction method, workmanship and behavior of soil around the tunnel. Therefore,
failing to consider these site-specific factors could be an important limitation of the
empirical method.
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2.3 Analytical method
Analytical solutions provide a complete framework to describe the distribution of far-
field ground deformations based on a prescribed set of displacements around the tunnel
cavity. Figure 2.4 shows that the ground deformations can be expressed as the
summation of three modes of tunnel cavity deformation, namely 1) uniform convergence,
u,; 2) ovalization, u,; and 3) vertical translation, Auy. The analytical solutions make
gross approximations of the constitutive behavior of the soil (e.g., assuming linear, elastic
soil properties), yet fulfill all of the principles of continuum mechanics.
+
y, u,
u,
Uniform Convergence
t
Net Volume Change
o -
0.0
0.5
1.0
-4.0
Distortion Vertical Translation Final
(Ovalization) (Downward Movement) Shape
No Net Volume Change
a) Notation and sign convention
Distance from Centerline, x/H
-2.0 0.0 2.0 4.0
I I - 7 - -
Convergence
Combined
b) Component contributions to surface settlement trough
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Figure 2.4: Modes of
deformation around tunnel
cavity (Sagaseta and
Whittle, 2003)
In fact, there are a variety of analytical solutions for estimating settlement distribution for
shallow tunnels in soft ground, using either exact (complex variable, Verruijt, 1997) or
approximate (superposition of line sources) methods (Sagaseta, 1987; Verruijt and
Booker, 1996; Gozalez and Sagaseta, 2001). For the approximate methods, the 'far-field'
ground movements caused by shallow tunneling processes (excavation and support) are
solved as a linear superposition of the above three deformation modes occurring at the
tunnel cavity. Pinto and Whittle (2011) have shown that closed-form solutions obtained
by the approximate methods by superposition of singularity solutions (after Sagaseta,
1987) provide a good approximation of the more complete ('Exact') solutions obtained
by representing the finite dimensions of a shallow tunnel in an elastic soil (after Verruijt,
1996). Pinto and Whittle (2011) have also shown how the results are influenced by soil
plasticity (close to the tunnel) and have developed closed-form solutions for uniform
convergence of a 3-D tunnel heading.
The analytical method requires a small number of physically meaningful input
parameters, which can be obtained in principle from a small number of independent field
measurements of ground displacements. Pinto et al. (2011) have shown how these can be
estimated from a series of case studies. The analytical solutions offer a more complete
framework for estimating the distribution of ground movements around a tunnel in
greenfield conditions. However, they rely on the calibration of tunnel cavity parameters
(u, and u5) to processes of tunnel construction. They also do not address directly the
role of soil-structure interaction.
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2.4 Numerical method
Empirical and analytical methods have been well-developed to provide a reasonable
estimate of greenfield tunneling-induced ground movements. However, these methods
can become deficient in the absence of adequate case history data. More importantly,
some factors affecting ground movement, notably pressures at the excavated face, long
term settlement and effects of the construction sequencing are not fully taken into
account in these methods. These limitations have encouraged widespread adoption of
numerical methods for analyzing ground deformations caused by tunneling.
Non-linear finite element methods are the most commonly used numerical analysis for
tunnels. Finite element models can be used to simulate deformation coupled deformation
and flow1 , as well as stability analyses 2 . Finite element analyses can 1) incorporate
constitutive soil models of varying complexity; 2) represent structural support conditions
for the tunnel analyses; and 3) consider interactions with pre-existing structures.
Finite element analyses are capable of simulating the construction of a tunnel in stages.
The tunnel linings are typically modeled by plates or shell elements, while tunnel
excavation and grouting processes are simulated by deactivating and activating soil
clusters. Two dimensional models of tunneling are routinely used to represent the
construction process. In these situations, the volume losses are simulated mainly by two
methods, either by 1) directly applying a contraction at the tunneling cavity; or 2)
Both drained and undrained situations can be modeled and the effect of time can be taken into account
for time-dependent geotechnical process, such as consolidation.
2 Done by c-phi reduction methods
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assuming that the in-situ stresses are partitioned between a fraction (1 - P) that is
internally redistributed within the soil mass and a fraction (P) that is applied to the tunnel
lining.
2.5 Assessment of risk to buildings
Given a set of predictions of tunneling-induced ground movements for greenfield
conditions, it is necessary to quantify their potential effects on existing buildings.
Burland (1995) considered this problem and suggested a three-stage approach for
assessment of risk of damage to buildings by tunneling works:
1) Preliminary assessment
In the preliminary assessment stage, ground settlement contours are drawn using
empirical predictions of greenfield conditions. If the maximum predicted settlement of a
building p 5 10mm or the greenfield trough imposes a rotation, 0 < 0.002 (Figure 2.5),
no further assessment is necessary. Burland (1995) noted that the slope, 0 is not a
satisfactory building performance parameter as it gives no indication of the possible
distortion of the building. The preliminary assessment based on the slope and settlement
of the ground surface only provides a conservative initial basis for identifying those
buildings along the tunnel alignment requiring further study.
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Figure 2.5: Definition of rotation (slope), 0
2) Second stage assessment
The second stage assessment introduces the concept of a limiting tensile strain.
Following Polshin and Tokar (1957), Burland and Wroth (1974) conducted numerous
large scale tests on masonry panels and walls at the UK Building Research Establishment
and showed that the onset of visible cracking is associated with a critical tensile strain,
Ecrit which is not sensitive to the mode of deformation. Burland et al. (1977) noted that
the critical tensile strain (Ecrit ) causing the onset of visible cracking is not a fundamental
material property because it does not necessarily represent a limit of serviceability (as it
may be acceptable to allow deformation well beyond the initiation of visible cracking).
Therefore, they introduced the concept of limiting tensile strain (Eim), which takes into
account the effects of differing materials and serviceability limit states.
Boscardin and Cording (1989) analyzed seventeen case records of damage (covering a
variety of building types) due to ground movement induced by open cutting and
tunneling, and proposed that the limiting tensile strain (Elim) can be related to the five
categories of building damage (Table 2.1) originally proposed by Burland et al. (1977)
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(Table 2.2), by reference to visible damage to walls (with particular reference to ease of
repair of plaster and brickwork or masonry).
Category Normal degrec Limiting tensile
of damage of severity strain (e.)(%)
0 Negligible 0-0.05
1 Very slight 0.05 - 0.075
2 Slight 0.075-0.15
3 Moderate* 0.15-0.3
4 to 5 Severe to > 0.3
very severe
Table 2.1: Relationship between
(Boscardin and Cording, 1989)
category of damage and limiting tensile strain
Category Normal Description of typical damage*
of degree of (ease of repair is in italic)
damage severity
0 Negligible Hairline cracks less than about 0-1 mm
I Very slight Fine cracks which are easily treated during normal decoration. Damage generally restricted to internal wall
finishes. Close inspection may reveal some cracks in external brickwork or masonry. Typical crack widths
up to 1 mm
2 Slight Cracks easily filled. Redecoration probably required. Recurrent cracks can be masked by suitable linings. Cracks
may be visible externally and some repointing may be required to ensure weathertightness. Doors and windows
may stick slightly. Typical crack widths up to 5 mm
3 Moderate The cracks require some opening up and can be patched by a mason. Repointing of eiernal brickwork and
possibly a small amount d brickwork to be replaced. Doors and windows sticking. Service pipes may fracture.
Weathertightness often impaired. Typical crack widths are 5 to 15 mm or several up to 3 mm
4 Severe Ertensive repair work involving breaking-out and replacing sections of walls. especially over doots and windows.
Windows and door frames distorted, floor sloping noticeably.' Walls leaning' or bulging noticeably, some
loss of bearing in beams. Service pipes disrupted. Typical crack widths are 15 to 25 mm but also depends
on the number of cracks
5 Very severe This requims a major repair job involving partial or complete rebuilding. Beams lose bearing, walls lean badly
and require shoring. Windows broken with distortion. Danger of instability. Typical crack widths are greater
than 25 mm but depend on the number of cracks
*Crack width is only one factor in assessing category of damage and should not be used on its own as a direct measure of it.
'Local deviation of slope, from the horizontal or vertical, of more than 1. 100 will normally be clearly visible. Overall deviations in excess of
1. 150 are undesirable.
Table 2.2: Classification of visible damage to walls with particular reference to ease of
repair of plaster and brickwork or masonry (Burland et al., 1977)
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The limiting tensile strain provides a convenient measure of the damage that can be
related to deformations for different types of structure. Burland and Wroth (1974)
proposed the deep beam approach (Figure 2.6) in which the structure is represented as a
deep beam with equivalent elastic axial and bending stiffness. The analysis considered
the sagging ratio A/L (see Figure 2.6(a)) for two extreme modes of beam behavior in
bending about a neutral axis at the centre (Figure 2.6(b)) and in shearing only (Figure
2.6(c)).
Actual building
L
HI I(a) Actual building and equivalent
deep beam as well as
Beam- Sipleldelgationof buiding definition of deflection ratio
Deflected shfpe of sOfit of beam
(b) Cracking in bending
Bending deformation with cracking
due to direct tensile strain
(c) Cracking in shear
Shear deformation with cracking
due to diagonal tensile strain
Figure 2.6: Cracking of a simple beam (After Burland and Wroth, 1974)
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The deflection of a deep beam in bending and shear (after Timoshenko, 1955, see Figure
2.7) is:
PL = 18E)
L2HG) (2.7)
where E is Young's modulus, G is shear modulus, I is the second moment of area (about
a defined neutral axis and P is the vertical load of the building represented as a point
load)'.
Point Load, P
o n STIRUCTUR"'1..'olH
,7;4,;
I~I
A
-
L
Figure 2.7: Deflection of deep beam with bending and shear (Timoshenko, 1955)
Equation (2.7) can be written in terms of deflection ratio and maximum fibre strain,
Ebmax:
Bending: A _ L 31- = ( + .2tL2HG!)maxL 12G (2.8)
Diagonal shear: L - (1 + 1L 2 )Ebmax
where t is the distance of the neutral axis from the edge of the beam in tension.
Burland and Wroth (1974) show that the dead-weight load distribution has little impact on the subsequent
results.
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(2.9)
W-A,
As building damage can also result from horizontal strains, Boscardin and Cording
superimposed horizontal tensile strain, Eh to the above analysis (i.e., assuming that the
deflected beam is subjected to uniform extension over its full depth). For bending,
equation (2.7) can be rewritten to represent the resultant extreme fibre strain Ebr in terms
Of Ebmax and Ehf
Ebr = Ebmax + Eh (2.10)
From the Mohr's circle of strain, the resultant diagonal tensile strain in the shearing
region can also be given in terms of Edmax and Eh:
Edr = Efh ( ) + E (+ )2 max (2-
where pt is the Poisson's ratio.
The larger of Ebr and Edr defines the maximum strain, Emax in the beam. Based on
equations (2.8), (2.9), (2.10) and (2.11), the maximum strain can be computed for a given
value of A/L and Eh, in terms of t, E/G and pi. The value of Emax can then be used to
assess the category of building damage by Tables 2.1 and 2.2, associated with the given
values of building damage parameters: A/L (deflection ratio) and Eh (horizontal strain).
Burland (1997) admitted that the second stage assessment, although more detailed, is still
very conservative and is likely to overestimate damage to buildings. He attributed this to
the fact that the building conforms to the 'greenfield site' settlement trough. This is in
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contrast to practice, where the inherent stiffness of the building will interact with the
supporting ground and tend to reduce both deflection ratio and horizontal strains.
3) Detailed evaluations
This stage is undertaken for buildings where a "moderate" level of damage has been
predicted in stage two. The approach is to carry out a refined version of stage two taking
into account the particular features of the building and the tunneling scheme (i.e., soil-
structure interaction). The key factors suggested to be considered include:
* The sequence and method of tunneling (factors such as face pressure and wait
time for support affect the volume loss and hence, can reduce potential ground
movements);
* Building details, such as the beneficial effects of structural continuity
including those of framed structures, strip footings and rafts;
e Adverse effects of having buildings oriented at a significant skew to the tunnel
axis;
* Beneficial effects of predicted greenfield settlement reduced by the stiffness
of existing buildings.
Protective measures will then be considered for buildings remaining in the "moderate" or
higher damage categories, following the completion of the three-stage assessment.
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2.6 Modeling Soil Structure Interaction by the Relative Stiffness
Approach
There is a coupled relationship between tunneling and performance of existing buildings.
Tunneling-induced settlements affect existing structures, while the stiffness and weight of
existing structures also influence the distribution and magnitude of tunneling-induced soil
movements. Burland (1997) highlighted this issue by asserting the fact that failing to
consider the effect of soil-structure interaction will usually over-estimate the degree of
building damage.
To address this issue quantitatively, Potts and Addenbrooke (1997) proposed a relative
stiffness method, based on a parametric study using non-linear finite element methods.
The four key parameters in their study included: 1) the width of the structure, B; 2) the
equivalent bending, El and axial stiffness, EA (represented as an equivalent elastic deep
beam after Burland and Wroth, 1974); 3) building position relative to the tunnel
centerline, e; and 4) the depth to tunnel springline, H. It is noted that in all cases the dead
and live loads of the structure are not modeled (i.e., no vertical load).
Potts and Addenbrooke (1997) focused on a specific circular tunnel with diameter, d
4.146 m, and depth from the soil surface to the tunnel axis, H = 20m or 34m (typical for
proposed tunnel construction in London). An equivalent elastic beam of width B resting
on the soil surface was used to model the effect of existing structures. The contact
surface is assumed to be rough (i.e., no slip between beam and soil). The numerical
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analysis in their study was done using the ICFEP program and a bespoke soil model
proposed by Jardine et al. (1986), referred to subsequently as the PJ model.
The soil model described by Jardine et al. (1986) is capable of representing the non-linear
elastic pre-yield behavior as well as plastic behavior (by a Mohr-Coulomb yield surface
and plastic potential). In their analyses, Potts and Addenbrooke (1997) modeled strength
parameters c' = 1OkPa; $' = 25', with an angle of dilation y = 12.5', a saturated bulk unit
weighty, = 20kN/m 3 and a coefficient of earth pressures at rest KO = 1.5. Subsequent
publications (e.g., Franzius, 2003) clarify that Potts and Addenbrooke (1997) adopted a
zone of reduced K0 around the tunnel (see Figure 2.8) as an artifact to obtain better
predictions of the greenfield surface settlement trough. Potts and Zdravkovic (2001)
assert that this modeling assumption represents some of the 3D effects of tunneling and
appears to represent measured performance for a series of cases studies for the JLE
project1 . The results in Figure 2.9 show modest levels of improvement that are achieved
through the reduced KO zone. It is, however, abundantly clear that numerical simulations
for KO = 1.5 underestimate surface settlements above the tunnel and predict wider
settlement troughs than the measured data. Potts and Zdravkovic (2001) also carried out
three dimensional analyses and found that tunneling construction causes a reduction in
the effective stress ratio at the springline. They therefore envisage that the reduced K0-
approach may be a logical assumption to represent the stress change ahead of tunnel face.
JLE project at Regant's Park (34m depth), Green Park (29m depth) and St. James's Park (30m depth)
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Figure 2.8: Layout of zone of reduced Ko (after Potts and Zdrakovic, 2001)
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Figure 2.9: Effects of initial stress
conditions on settlement prediction
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As for the stiffness properties, the PJ model represents isotropic secant shear and bulk
moduli parameters as functions of the shear and volumetric strains. Secant stiffness that
describe the variation of shear and bulk moduli are given by:
= A + B cos [a (Logio (E (2.12)
= R + S cos 6 (LogO (2.13)
where G = secant modulus, K = secant bulk modulus, p'= mean effective stress, E
deviatoric strain invariant= () [(E1 - E2)2 (E - E3)2 + (E2 - E3)2]2 = volumetric strain
and A, B, C, R, S, T, a
Addenbrooke (1997) listed
, 6 , y and A are constants with values used by Potts and
in Table 2.3 below:
Strata A B C (%) y
London Clay 1120 1016 1 x 10-4  1.335 0.617
R S T(%) 6 k
549 506 1 x 10~ 2.069 0.420
Table 2.3: Input parameters for the PJ model (after Jardine et al., 1986)
Potts and Addenbrooke (1997) used the following relative bending and axial stiffness to
account for the stiffness of both the beam (structure) and the soil in presenting the results
of their analyses:
Relative bending stiffness:
Relative axial stiffness:
= El
EA
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(2.14)
(2.15)
where E, I and A are equivalent Young's modulus, second moment of area and equivalent
cross sectional area of the existing structure; B is the width of the existing structure; and
Es is the secant Young's modulus that would be obtained at an axial strain, Fa = 0.01% in
a triaxial compression test performed on a sample retrieved at a depth, z = H/2.
The expression p * is similar to that used by Fraser and Wardle (1976) and Potts and Bond
(1994). Fraser and Wardle (1976) carried out a series of numerical analysis of
rectangular rafts on layered soil foundations and concluded that the dimensionless
stiffness factor (embracing influence of raft rigidity I and its length to breath ratio, soil
depth and Poisson's ratio, in an expression resembling p*) can markedly affect both
vertical movement and bending moments in raft foundations. Similar factors were also
adopted for retaining wall analyses by Potts and Bond (1994). On the other hand, the
expression for a* is similar to the normalized dimensionless grade beam stiffness
(embracing influence of soil stiffness, depth of soil cut as well as Young's modulus and
area of grade beam) used by Boscardin and Cording (1989). Boscardin and Cording
(1989) studied the effect of the normalized dimensionless grade beam stiffness on the
angular distortion, diagonal strain and lateral strain on the grade beams. It should be
noted that as Potts and Addenbrooke (1997) concern plane strain conditions, a* is
dimensionless while p* has dimensions of m-. The value of Es adopted in the Potts and
Addenbrooke (1997) study is the secant stiffness at 0.01% axial strain in a drained
triaxial compression test performed on a sample retrieved from a depth of half the tunnel
depth (i.e., Es = 103MPa and 163MPa for tunnel depths of 20m and 40m respectively),
assuming Es increases linearly with depth.
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Tunnel excavation was modeled by incremental support removal of the solid elements
within the tunnel boundary, which is represented by incremental reduction of the stresses
that the soil within the tunnel applied to the tunnel boundary. For each increment, the
movements of tunnel boundary were monitored and used to calculate the volume loss of
soil moving into the tunnel. The percentage volume loss AVL can then be obtained by
dividing the calculated volume loss by the original tunnel cross-section (TED2/4 per unit
length of the tunnel). For the greenfield case, the stress reduction at which the
accumulated volume loss AVL = 1.5% was chosen to represent the field conditions. All
the analyses with surface structures in this study were terminated at the same stress
reduction and the volume loss is recorded. As the volume loss varies slightly between
analyses (1.41% to 1.51%), the results are all corrected by linear interpolation that
correspond to the same AVL = 1.5% on the basis that the relationship between the volume
loss and the maximum surface settlement can be assumed linear over the range (see
Figure 2.10).
25-
20-
15-
Greenfied
10 -
5-- - - With 5-storey
0-
0 1 2 3 4
\oume loss: V1 (%)
Figure 2.10: Variation of Maximum surface settlement with volume loss in Potts and
Addenbrooke (1997)
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Potts and Addenbrooke (1997) used two building damage parameters, namely deflection
ratio and horizontal strain (Boscardin and Cording, 1989; Burland, 1995) to assess the
effects of tunneling on existing buildings.
While the horizontal strain can be directly obtained from the computer output, the other
building damage parameters, deformation ratios DRsag and DRhog for sagging and
hogging respectively are defined in Figure 2.11. The deflection ratio was then calculated
for both sagging and hogging by dividing the maximum deflection A by the length L
connecting the points of inflection with the end of the structure or with each other. In
Franzius (2003), it was clarified that the points of inflection were determined graphically
in Potts and Addebrooke (1997).
Deflection ratios:
Point of inf ection
DRs = sa
sag Lsag
asag
Ahog
DRhon = Lhog
L 2fA
Figure 2.11: Definition of deflection ratios strain (Potts and Addenbrooke, 1996)
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Potts and Addebrooke (1996) compared the results from the analyses with a beam (a
structure) with those from the greenfield conditions, and define the following
modification factors for deflection ratio:
MDRsag = DRsag
sag
MDRhog = DRhog (2.17)
hog
where DRg and DRg are deflection ratios for that portion of the greenfield settlementsag hog
trough which lies directly beneath the structure. Similarly, the modification factors for
the maximum compressive and tensile horizontal strains are defined as:
Mhc (2.18)
hc
MEht = (2.19)
ht
where e and E are the greenfield values of horizontal compressive and tensile strains
for that portion of settlement trough which lies directly beneath the structure.
Based on the results of their finite element analyses, design curves specifying the
modification, by stiffness of structures, to greenfield settlement trough were established
for the building damage parameters (Figure 2.12 and Figure 2.13).
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Typical range of p * for 1-10 storeys building and
tunnel depth H = 20m -34m based on PJ model
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Figure 2.12: Design curves for modification factors to deflection ratio (Potts and
Addenbrooke, 1997)
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Figure 2.13 : Design curves for modification factors to horizontal strain (Potts and
Addenbrooke, 1997)
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When the greenfield values of deflection ratio and horizontal strain are known for a
particular project, the greenfield values are multiplied by the respective modification
factors to obtain those likely to be imposed on the structure (taking into account the effect
of building stiffness on ground movement), by equations 2.17, 2.18, 2.19 and 2.20.
In addition, the combination of modified deflection ratio and horizontal strain can be used
to determine the building damage category (Table 2.2 by Burland, 1995), see Figure 2.14.
0-4
0-3
0-2
0-1
0
0 0-1 0-2
Figure 2.14: Relationship of damage
strain for hogging (Burland 1995)
0-3
Eht(M
category to deflection ratio and horizontal tensile
In practice, it is very uncommon to conduct numerical modeling directly taking into
account the influence of buildings. Instead, deformations of buildings are assessed
mostly by subjecting their foundations to the excavation-induced greenfield ground
movements with no account of any influence of the existing structures' stiffness or the
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buildings' weight. Therefore, the design curves introduced in Potts and Addenbrooke
(1997) are very useful in giving initial estimates of the likely building damage, although
it should be noted that the curves were developed based on specific ground conditions
and structure characteristics.
2.7 Evaluation of the Relative Stiffness Approach
2.7.1. Building load
As stated above, the effects of building loads are not considered in Potts and
Addenbrooke (1997). Franzius et al. (2004) carried out a series of numerical analyses to
assess the effect of building weight on tunneling-induced ground and building
movements. In addition to the two key steps of: 1) constructing a weightless beam with a
stiffness to represent a certain number of building storeys and 2) applying incremental
stress reduction to simulate tunnel excavation, they added an intermediate step, which is
to apply a uniform stress above the weightless beam to simulate the effect of building
weight. They modeled this stage as being fully drained (assuming consolidation would
have largely completed before tunnel excavation). As they considered that in reality
ageing of the soil may affect the soil stiffness properties during the consolidation time,
the high initial soil stiffness to p' ratio was reset prior to tunnel excavation (achieved by
resetting the strain before applying incremental stress reduction for tunnel excavation).
By doing so, the initial soil stiffness before tunnel excavation depends only on the stress
level p' (governed by insitu stress state and building loads). Franzius et al. (2004)
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concluded that the addition of weight in the numerical analyses performed originally by
Potts and Addenbrooke (1997) has only a small influence on the calculated deflection
ratios for both hogging and sagging modes and horizontal strain. In order words, they
considered that building stiffness (instead of building load) dominates the settlement
reduction in the relevant greenfield case.
2.7.2. Relative stiffness expression
Franzius (2003) carried out a systematic investigation of the various parameters used in
the original relative stiffness approach proposed by Potts and Addenbrooke (1997).
Among the various parameters investigated, their findings related to the relative stiffness
expression have a material influence on the application of the approach. Based on his
analyses which cover a wider range of building features than the earlier study, Franzius
(2003) showed that the original definition of relative bending stiffness (p* = EI/Es(B/2)4 -
equation 2.14) over-estimates the influence of B by incorporating it raised to a power of 4
in the denominator of p*. His analyses also indicated that, in contrast, the tunnel depth is
not sufficiently represented in the relative stiffness expression, as the tunnel depth is
included in p* only via the soil stiffness Es which is taken from half tunnel depth.
Franzius (2003) proposes refining p* to:
= E (2.20)
Pmd Es HB21L
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The above expression modified the original one by incorporating H (tunnel depth to
springline) and reducing the influence of B. The length of building in the longitudinal
direction (L) is introduced so that the expression is dimensionless whether it is used in
2D or 3D analysis . Franzius (2003) justifies the modified expression based on the
results of their numerical analysis which show that the modified expression produced less
scatter for MDRsag though the scatter increases slightly for MDRhos which is still within
the upper bound of the design curves proposed in Potts and Addenbrooke (1997). For
axial strain it was found that the original definition of relative axial stiffness (a* =
EA/EsH - equation 2.15) gives a good correlation with M*ht for all cases analyzed.
Nevertheless, similar to p*od , the expression is modified to include L to make it
dimensionless whether it is used in 2D or 3D analysis:
a*mod - E (2.21)
Franzius (2003) justified the use of the building width B rather than the half width of
building B/2 (as adopted by Potts and Addenbrooke (1997)) to be consistent with the
expression of degree of eccentricity as e/B. It was shown that the use of the building
width B rather than the half width of building B/2 has no implication on the relative
position of the results to each other when plotted against a log-scale of relative stiffness.
Franzius (2003) proposes a new set of design curves for modification factors adopting the
modified relative bending and axial stiffness (Figure 2.15 and Figure 2.16).
In 2D the effect of L cancels out from the numerator (I) and denominator
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new design curve: eB =0
new design curve: e/B = 0.2.
new design curve: e/B = 0.4 ----.
....... new desi n curve: e/B = 0.6 -------
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Figure 2.15: Proposed design curves for MDR adopting the modified relative bending
stiffness p*mod.
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Figure 2.16: Proposed design curves for MDR adopting the modified relative axial
stiffness a*mod.
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2.7.3. Building stiffness
Dimmock and Mair (2008) review the method of deriving building stiffness (numerator
of the relative stiffness) and hence the relative stiffness. In their study, the progressive
response of two- to three-storey masonry buildings (at Moodkee Street and Keetons
Estate) to bored tunneling for the Jubilee Line Extension project in London was
investigated. Based on the modification factors back-analyzed from the observed ground
movement, they inferred the back-analyzed relative bending stiffness in sagging and
hogging using the design charts in Potts and Addenbrooke, 1997 (Figure 2.17).
I.E+0X)
1.E-02
I.E-(0
I.E-07
Neptune-west Neptune-east Murloch- Murdoch- Clegg-west BSW-section
EB EB north EB south WB WB 11 EB
D prediction E intennediate-sagging M final-sagging 11 intennediate-hogging M final-hogging
Figure 2.17: Approximate relative bending stiffness estimated from modification factor
for the masonry facades at Moodkee Street and Keetons Estate (Dimmock and Mair,
2008)
By comparing the back-analyzed relative bending stiffness with that suggested in Potts
and Addenbrooke (1997), they suggested the following modifications for estimating
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4.:
Ir
relative bending stiffness of low-rise masonry structures for future use with design charts
in Potts and Addenbrooke (1997):
e Only the foundation, instead of the entire building, can be considered in the
estimation of relative bending stiffness for hogging. They explained that the
observed behavior was probably due to inability of the masonry in the upper
part of the wall to withstand significant tensile stresses.
e The second recommendation is to reduce the estimated relative bending
stiffness in sagging by one order of magnitude to account for the presence of
door and window openings.
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3 Method of Analysis
3.1. Finite element analysis
This thesis provides a comparative study to the earlier work of Potts and Addenbrooke
(1997) on the influence of building properties on tunneling-induced ground movements
by numerical analysis. As such, the current numerical analyses largely follow the prior
work in terms of problem geometry, soil profile (London clay) and method of simulating
tunnel excavation. In contrast to the earlier study, this research uses a commercial finite
element code PLAXIS'm together with hardening soil family of constitutive models
(Hardening Soil HS, Schanz, Vermeer and Bonnier 1999 and Hardening Soil Small HSS,
Benz 2006). As such, some features of the numerical analyses have to be modified to suit
this study. A dedicated calibration process is required to identify hardening soil model
(HS and HSS) parameters that represent London clay and approximate the stiffness
behavior simulated by Potts and Addenbrooke (1997) (using an earlier non-linear elastic
model presented by Jardine et al., 1986). This chapter describes the finite element
analyses and gives a full account of the soil model calibration process.
Geometry
The reference geometry comprises a circular diameter, d = 4.146m and fixed depth from
the soil surface to the tunnel springline, H = 20m. Figure 3.1 shows a typical half-model
mesh used in the 2D, plain strain analysis, comprising 15-node triangular elements with
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fourth order interpolation for displacement. The mesh has been refined to ensure the
model gives numerical results with adequate degree of accuracy for the problem. The
structure is represented by a surface elastic beam centered above the crown of the tunnel
(i.e., zero eccentricity). The soil-beam (structure) interface is assumed to be perfectly
rough (i.e., no slip).
4000 2000 0.00 20 0.00 0 60.0 00 10000 120.00 140.00 160.00
Equivalent beam to represent building with half building
0 idth H = 30m and variable bending and axial stiffness
Depth to tunnel
springline = 20m
Tunnel
(Diameter d = 4.146m)
100 high x 80m wide
mesh
Connectivity plot
Figure 3.1: Typical half model for analyses
This study considered buildings to be a concrete frame structure consisting of 1 to 10
storeys. For a building with m storeys, the equivalent properties of the elastic beam were
calculated assuming that the building consists of m+1 slabs at a vertical spacing of 3.4m.
The thickness of each slab is assumed to tstab = 0.15m. An individual slab with thickness
tstab = 0.15m is assumed to have the following properties:
Elastic modulus Ec = 23 x 106 kN/m2  (3.1)
Area Aslab = 0.15 m 2/m (3.2)
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Second moment of area
Axial stiffness
Bending stiffness
(bending about mid-plane)
Islab = 2.8125 x 10-4 m 4/m
(EcA)slab= 3,450,000 kN/m
(EcI)slab = 6468.75 kNm2/m
The axial and bending stiffness for an equivalent beam, comprising m storeys (m+1 slabs)
are then calculated using the parallel axis theorem (Timoshenko, 1995), assuming the
neutral axis to be at the mid-height of the building:
(EcA) structure= (m+ 1) (EcA)slab
(EcI)structure=Ec (" (Islab+ AsiabH 2 )
(3.6)
(3.7)
All properties in equations 3.6 and 3.7 assume plane strain conditions with unit width. In
order to get a consistent set of parameters (based on equivalent thickness and young's
modulus of beam, tfe and Efe), the above stiffness expressions can be converted to:
(EcA)structure= 1
3Efetfe(EcIstructure 
- 1 2
(3.8)
(3.9)
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(3.3)
(3.4)
(3.5)
By rearranging equations 3.8 and 3.9 the expression of equivalent thickness tfe can be
obtained by:
tfe _ 12 (EcI structure (3.10)
(EcA)structure
The input parameters for beam in finite element code PLAXISm are (EcA)structure and
(Ecl)structure. In addition, PLAXISm computes the equivalent thickness tfe which is
shown in the input window for checking.
In this study, 1-, 3-, 5-, 8- and 10-storey buildings are considered in evaluating the effect
of building stiffness and building load on tunneling-induced ground settlement. The
corresponding stiffness parameters are given in Table 3.1:
Bending stiffness Axial stiffness
(EI)structure (EA)structure Tfe Building weight
Building [kNm2/m] [kN/m] [m] [kPa]
Slab 6.47 x 103  3.45 x 106 0.15 N/A
1 2.00 x 107  6.90 x 106 5.89 50
3 1.99 x 108 1.38 x 107 13.17 50
5 6.98 x 108 2.07 x 107 20.12 50
8 2.39 x 109  3.11 x 107  30.41 50
10 4.39 x 109 3.80 x 107 37.25 50
Table 3.1: Stiffness of building
Soil properties
This study focuses on the ground conditions typically found in London. The hardening
soil family of constitutive models (HS, Schanz, Vermeer and Bonnier 1999 and HSS,
Benz 2006) are chosen among various constitutive models available in PLAXISm. These
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models are advanced elastic-plastic models for simulating the behavior of soil. In
contrast to the elastic-perfectly plastic soil model (Mohr Coulomb model), the yield
surfaces of the HS model are not fixed in principal stress space, but harden due to plastic
straining. In addition, the HSS model uses additional parameters to describe small-strain
non-linear stiffness properties as functions of stress and strain. This is a key model
feature that is particularly relevant to this study as the average shear strain of the analyses
is typically in the range of 0.1% to 0.01%.
The analyses focus on the short-term response of the ground and hence, the clay is
assumed to be undrained. The shear strength is described by conventional effective stress
strength parameters, apparent cohesion (c') = lOkPa, internal friction ($') = 25' with
dilatancy angle (y) = 12.5'. The HS family of constitutive models use separate input
parameters to simulate the soil stiffness associated with plastic strain due to primary
deviatoric loading and primary compression, as well as elastic unloading and re-loading.
The HS family of constitutive models are calibrated against the PJ model of Jardine et al.
(1986) that was used in Potts and Addenbrooke (1997) in order to identify input stiffness
parameters that represent a similar stress-strain characteristics to the previous study. This
calibration process aims to enable a direct comparison on results obtained by numerical
analyses using these two different soil models (PJ model vs hardening soil family of
constitutive models). Further details of the calibration process are provided in sub-
paragraph 3.2 below.
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Initial Stress
The analyses assume that the coefficient of at-rest earth pressure Ko = 0.577
(i.e., K, = 1-sin*), which is similar to the reduced K, = 0.5 used by Potts and
Addenbrooke (1997). Despite the use of reduced KO in the numerical simulation in this
study, it should be noted that the actual KO value of over-consolidated London clay is
expected in the range KO 1 to 1.5. The reasoning to use lower values of K0 is
mentioned in Potts and Zdravkovic (2001) as a method to simulate the influence of the
3D stress field caused by tunneling. Nevertheless, Franzius (2003) carried out a series of
numerical analysis and concluded that the calculating modification factors of deflection
ratio and horizontal strain (obtained by normalizing with the greenfield trough), only
differ slightly for these different initial conditions (zone of reduced KO = 0.5 vs global K0
= 1.5). This may be explained by the fact that the reported modification factors are
normalized by the greenfield predictions and therefore the influence of initial stress
conditions is cancelled out. As such, the assumption of reduced KO is further justified for
the purpose of this study, in which building deformations are mainly quantified by
building damage parameters (deflection ratio and horizontal strain), and the respective
modification factors for deflection ratio and horizontal strain were proved by Franzius
(2003) to be relatively insensitive to the change of initial stress conditions.
Modeling of tunnel excavation
The tunnel excavation was modeled by the p method (details given in Chapter 2). To
apply this in PLAXIS M , the staged construction option is used to emulate a reduced
ultimate level of IM-stage. For example, for a value of 0.6 EM-stage, P is equal to 1 -
52
EM-stage (i.e 0.4), and the physical meaning is that only 40% of the initial stress is
applied to the tunnel lining. In the tunnel excavation simulation, P is decreased from 1 in
incremental reduction towards 0. For each incremental reduction of P value, the
movements were monitored and used to calculate the volume loss by integrating the
surface settlement trough with respect to the original ground level (due to undrained
conditions, the surface volume loss corresponds to the volume loss at the tunnel cavity).
It is assumed to be the same as the ground movements into the tunnel as the soil is
assumed to be undrained. The volume is then divided by the original cross-sectional
area of the tunnel in order to obtain the percentage volume loss (AVL). The termination
criterion of all the analyses in this study is set at a fixed P value based on the analyses of
the greenfield conditions with a cumulative volume loss, AVL - 1.5%, to represent the
field conditions after tunneling. In contrast to Potts and Addenbrooke (1997) where the
results were adjusted by linear interpolation to the specific volume loss (1.5%), no
correction is needed in the current analysis. This issue is significant as subsequent results
show that the modification factors (for both deflection ratio and horizontal strain) are not
linearly correlated to the volume loss. Nevertheless, the approximation has negligible
effect in terms of making comparison with the results in Potts and Addenbroke (1997),
where there are small variations in volume loss (1.41% to 1.51%) and adjustments are
small.
Building stiffness parameters
Potts and Addenbrooke (1997) proposed definitions for relative bending and axial
stiffness parameters, p* = EIEs(B/2) 4 and a*=EA/Es(B/2), to describe their results. This
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approach introduces a reference value of soil stiffness Es (defined as the secant stiffness
for an average point in the overlying soil at depth = H/2 and at a shear strain y = 0.01%).
The purpose of this parameter is to normalize the results of the numerical analysis.
Subsequent studies by Franzius (2003) have shown some limitations associated with the
definition of Es. Given that the current study focuses on a unique settlement profile and
tunnel, we present the results in terms of the properties of the structure. Further
numerical simulations with different tunnel geometry and stiffness properties are needed
in order to evaluate the best choice of normalizing parameters.
Building deformation criteria
The building damage parameters (a quantitative measure of the effect of tunneling on
building) used in this study are the deflection ratio DR (refer to Figure 2.10) and
horizontal strain sh. To calculate DR, it is necessary to determine the point of inflection
which separates the zones of the sagging and hogging moments. The point of inflection
is found by calculating the rate of change of the slope of surface settlement trough
(duy2/dx2 = 0) numerically in a spreadsheet and locating the change of sign. The
deflection ratio is calculated for sagging and hogging by dividing the maximum defection
by the length L connecting the points of inflection or connecting one of the points of
inflection with the end of structure. The horizontal strain sh is given as the maximum
compressive or tensile horizontal strain at the neutral axis (by referring the strain to the
neutral axis, any effects of bending are eliminated). This is obtained by dividing the axial
force by the beam sectional area, where axial force is directly obtained from the computer
output.
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3.2 Calibration of soil model
The HS family of constitutive models and the PJ model (PJ, Jardine et al. 1986) used by
Potts & Addenbrooke (1997) are based on different sets of soil parameters. In order to
calibrate a HS to be consistent with the PJ model, the stress-strain behaviors of the two
models are compared in three different aspects, which are: 1) the deviatoric stress-strain
behavior in drained triaxial shearing (q = (ai - C3) vs Ea); 2) the secant modulus profile at
selected shear strain levels (Esec vs z); and 3) the surface settlement trough profile
resulting from tunnel excavation. The stress-strain behavior of the PJ model is predicted
from its original trigonometric expressions (equations 2.12 & 2.13) by spreadsheet
calculations, where the stress-strain behavior of the hardening soil model in PLAXISM is
obtained by numerical integration of the incremental stress-strain relations.
Triaxial compression using PJ model
The non-linear elastic PJ model describes the secant soil moduli as non-linear functions
of the strain level using trigonometric expressions (equations 2.12 & 2.13). In order to
predict the deviatoric stress-vertical strain ((cyi - C73) vs 8a) relationship, the tangent elastic
shear and bulk modulus are obtained by differentiation as follows:
= A + Bcos(pX7 ) - B sin(pX7) with X = logl( (3.11)
p 2.303 s w
K R+ cosPP) 2.303l inW' with Y iogl0 (!L-) (3.12)
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where p' is the mean effective stress, Ed is the deviatoric strain invariant, svoi is the
volumetric strain, and A, B, C, R, S, T, 6, p, y and p are constants. Values of these
constants for London clay are retrieved from Franzius et al. (2005) and tabulated in Table
3.2 below:
Strata A B C(%) py
London 373.3 338.7 1 x 10-4 1.335 0.617
Clay R S T (%) 6
549 506 1 x 10-1 2.069 0.420
Table 3.2: Input parameters for the Potts soil model (tangent stiffness) for London Clay
For elastic stress-strain relations in the triaxial space, the following equation holds:
Aq' 10
where p' is the mean effective stress,
respectively the tangent bulk and shear
volumetric and shear strains.
0 AEV01(313
3G'1 AEsI
q' is the deviatoric stress, K' and G' are
moduli and csoi and cs are respectively the
From equation 3.13, Aq' = 3GAEs (3.14)
Since AEs = 2 (AE, - AE) , where AE, and AEh are respectively the vertical and3
horizontal strain components. Equation 3.14 can be written as:
Aq' = 2G (AE, - AE) (3.15)
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On the other hand, by definition volumetric strain AE1,,o can be defined in terms Of E, and
Eh as:
AEi= (AEV + 2AEh)/3 (3.16)
Assuming undrained conditions in triaxial shear test (i.e., AEvol = 0), equation 3.16 can
be written as:
AEh = -O.5AEV (3.17)
Using the correlation in equation 3.17, equation 3.15 can be rewritten to describe the
change in deviatoric stress Aq' in relation to the change in vertical strain AE:
Aq' = 3GAE, (3.18)
Hence the undrained shear stress-axial strain behavior is controlled by 3G, which can be
obtained from equation 3.11 above. As the value of G in the PJ model is dependent on
the current state of mean effective stress (p') and the deviatoric strain (Ed) (see equation
3.11), the current state of p' and Ed have to be obtained before the current state of G can
be known. While the deviatoric strain Ed can be simply obtained from the vertical strain
(which is an input in the spreadsheet calculations), Ap' has to be computed by rewriting
equation 3.13 as:
Ap' = KAEol (3.19)
As the soil is assumed to be undrained in this computation, AE, 0 1 = 0. As such, Ap' can
also be taken as zero and the value of mean effective stress p' can be treated as a constant
(i.e., applied confining stress). Deviatoric stress q can also be computed accordingly
using equation 3.18 for incremental step increase of vertical strain Fv. Based on the
above procedures, the stress-strain behavior for the PJ model for London clay under
confining stresses of 400kPa and 68OkPa (relevant stress levels for 20m and 34m deep
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tunnel respectively, which are typical depths for the London underground tunnel) are
computed and plotted in Figure 3.2.
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Figure 3.2: Plot of deviatoric stress q vs vertical strain ev for confining stresses of 400kPa
and 68OkPa
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Triaxial compression by HS and HSS models
The stress-strain behavior of the HS and HSS models are obtained by numerical
simulations in PLAXISm. The basic stiffness characteristics of the HS model are
controlled by the following parameters:
Controlling behaviour Input Note
Parameters
Plastic straining due to E ef Secant stiffness in
primary deviatoric loading standard drained triaxial test
Plastic straining due to primary E f Tangent stiffness for primary
compression oedometer loading
Elastic unloading / loading Eref Unloading / reloading stiffnessTr
Table 3.3: Key input stiffness parameters for US model
The current analyses follow default assumptions in PLAXISTM in that E[e E ef and
Ea = Ef.Eoed F50 The HSS model adds two additional parameters to describe non-linear
stiffness at small-strain levels:
0 The initial or small-strain shear modulus Go;
* The shear strain level, yo.7, at which the secant shear modulus Gs = 0.7 G.
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These parameters are selected as Go = 324MPa and yo.7 = 0.009% based on site
investigation results from the Crossrail project geotechnical sectional interpretative report
for Royal Oak to Liverpool Street done by the Geotechnical Consulting Group. As the
values of Ef and E fare dependent on E0 f, and the values of Go and yo.7 are fixed,
the only parameter varied in this calibration exercise (for HS and HSS) is E r. Figure
3.3 and Figure 3.4 show simulations for a set of drained triaxial tests for selected values
of E at po' = 400kPa and Ko = 1. Similar results are shown in Figure 3.5 and Figure
3.6 at po' = 68OkPa.
Drained Triaxial Compression
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E ef
E = 40MPa
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Figure 3.3: Shear stress-vertical strain Ev for HS model (po' = 400kPa)
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Figure 3.4: Shear stress - vertical strain s for HSS model (po'= 400kPa)
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Figure 3.5: Shear stress - vertical strain ey for HS model (po' 68OkPa)
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respectively. To enable a comparison of the best-fit stiffness of the two soil models (HS
and HSS with PJ model), the chosen stiffness is re-plotted in Figure 3.7:
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Figure 3.7: Comparison of best-fit input stiffness for HS and HSS models (po' 400kPa)
It is evident that the HS model provides the better fit to the PJ model. In particular at
small strain the stiffness estimated by the HSS model is much higher than that predicted
from the PJ model. The HS and PJ models diverge for ev> 0.6%.
On the other hand, the comparing of results for po' = 68OkPa (Figure 3.5 and Figure 3.6)
gives the best fits for HS and HSS models with E, 0f = 8OMPa and 50MPa respectively,
as shown in Figure 3.8:
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Figure 3.8: Comparison of best-fit input stiffness for HS and HSS models (po' = 68OkPa)
The HS model again appears to fit better with the PJ model and in particular at small
strain. The HS and PJ models diverge for &,> 0.4%.
The preceding results show the range of stiffness parameters for relevant depths of
tunnels in London, which range from E50 = 40 - 80 MPa (for the HS model) andIref-
E-50 = 30 - 50 MPa (for the HSS model).H eSref m
HS model and 4OMPa for HSS model.
Subsequent calculations assume 60MPa for
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Po' = 680kPa
HS E50ref = 80MPa
- - HSS E50ref = 5OMPa
e.. ePJ model
Secant modulus profile at selected shear strain levels (Esc vs z)
Further drained triaxial simulations have been conducted using the average E'5f at po'
values corresponding to depths, z = 5m, 20m and 34m below ground surface (i.e., po'
1 OOkPa, 400kPa and 68OkPa). The resulting secant stiffness-depth relations at axial
strain levels of sv= 0.01%, 0.1% and 1% are plotted in Figure 3.9 and Figure 3.10.
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Figure 3.9: Esec vs depth at various strain levels for HS model (Ef =60MPa)
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Figure 3.10: Esec vs depth at various strain levels for HSS model (E0 =40MPa)
Figure 3.9 and Figure 3.10 show that the value of Es in the PJ model increases
approximately linearly with depth, such that the reference parameters Es for the tunnels'
at depths are 111 MPa and 189MPa for the PJ model, as compared to Es = 103MPa and
163MPa reported in Potts and Addenbrooke (1997). The minor difference is probably
attributed to the fact that Es values adopted in Potts and Addenbrooke (1997) were
Es is taken at Ea= 0.0 1%, at z = H/2 (Potts and Addenbrooke, 1997)
66
obtained by drained triaxial compression tests while this study assumes undrained shear
conditions.
Both HS and HSS models agree reasonably well with the PJ model in terms of stiffness at
axial strain F, = 0.1% and 1% strains, although HSS model fits slightly better over the
depth. It should however be noted that at s, = 0.01% strain, the stiffness obtained by both
models does not agree perfectly with the PJ model (with difference between 37% to
211% across the depth).
Based on the above calibration, the following are the best-fit input stiffness parameters
for the hardening soil family of constitutive models (Table 3.4):
Eref [MPa] e [MPa] E[rf [MPa] Go [MPa] 70.7[%]
HS model 60 60 180 -- --
HSS model 40 40 120 324 0.009
Table 3.4: Best-fit input stiffness parameters for HS and HSS models
This section compares the tunneling-induced greenfield settlement troughs for the HS and
HSS models with prior published results using the PJ model. The results focus on a
4.146m diameter tunnel located at 20m below the ground surface. The tunnel cavity
support ratio, p, at the tunnel cavity is adjusted to produce a volume loss at the ground
surface, AVs = 1.5% (evaluated by numerical integration of the settlement trough).
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Figure 3.11 and Figure 3.12 show volume loss AVs (= AVL) as a function of the tunnel
release ratio (1 -p) for the HS and HSS models respectively.
Volume Loss vs % Support Removal (HS Model)
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Figure 3.11: Variation of volume loss with percentage support removed for HS model
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Figure 3.12: Variation of volume loss with percentage support removed for HSS model
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Figure 3.13 compares the normalized settlement troughs (for AVL 1.5%) for the PJ, HS
and HSS models (with inflection points, x; = 12.7m, 17.7m and 11.2m from tunnel
centerline respectively). The results show that the HSS model predicts a narrower
settlement trough than the HS model confirming the importance of small strain non-
linearity. There is a good match between results of the PJ and HSS models above the
tunnel (x < 5m). The PJ model generally predicts larger far-field settlements (x > 20m)
than either the HS or HSS models.
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Figure 3.13: Comparison of greenfield settlement trough shape for Potts soil model, HS
model and HSS model under common volume loss of 1.5%
Figure 3.14 includes a further comparison of the HSS and PJ settlement with the expected
empirical behavior, described by the Gaussian function (equation 2. 1) with xi/H = 0.5
(Mair and Taylor, 1997), where xi is the offset of point of inflection from tunnel
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centerline and H is the depth to tunnel springline (see Figure 3.14). The HSS model
clearly shows a much better match with the empirical data, than the PJ model.
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Figure 3.14: Empirical Trough predicted by Gaussian equation with xi/H = 0.5
In this sub-section, it has clearly indicated that the choice of soil model has an important
influence on the prediction of greenfield ground settlement. The preceding calibration
exercise has shown that the HSS model with the selected set of stiffness parameters
provides a reasonable fit with the PJ model and matches closely the greenfield settlement
trough expected from empirical models. It can therefore be concluded that given two soil
models with similar stiffness characteristics, the calculating greenfield settlement trough
can vary depending on the soil model used. This result is reasonable because the two soil
models are fundamentally different in that the stress-strain relationship in the PJ model is
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represented by a periodic logarithmic function while that of the hardening soil family of
constitutive models are represented by a hyperbolic function.
3.3 Conclusions
This chapter explains the method of analysis in this study, including the modeling of
geometry, building, soil properties, initial stresses, soil-structure interface, and tunnel
excavation in the finite element analysis as well as the chosen building stiffness for
presenting the results of analyses and the building deformation criteria adopted to
quantify the effect of ground movement on structures.
To enable a comparison to be made between the result of this study (analyzed using the
hardening soil family of constitutive models) and that of the earlier study in Potts and
Addenbrooke (1997) (done with ICFEP and the bespoke PJ model proposed by Jardine
et.al (1986)), the stiffness parameters used in the hardening soil model in this study are
calibrated with the PJ model by matching the stress-strain behavior and the greenfield
settlement trough shape resulting from tunnel excavation.
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4 Effects of Building Stiffness
4.1 Introduction
It was concluded in Chapter 3 that the best-fit HSS model and the corresponding PJ
model produce different settlement troughs due to tunnel excavation. As the effects of
building properties are to be assessed through modification factors relative to the
greenfield conditions, the results are inevitably influenced by the choice of soil model.
The HSS model appears to fit closely the empirical data, and a series of finite element
analyses have been carried out to assess effects of building properties using the best-fit
HSS model. The elastic building properties are varied in the same range proposed by
Potts and Addenbrooke (1997).
4.2 Results and Interpretation
A total of 48 finite element analyses have been performed in which the depth of tunnel,
the width and eccentricity of the surface beam are unchanged, while the axial and
bending stiffness of the structure is varied. These analyses are summarized in Table 4.1:
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B e Z EA EI M DR sag DR hog Msht Mh
(m) (m) (m) kN/m kNm
60 0 20 1.50 x10 8  4.32 x10 3  1.01 1.20 0.0002 0.0001
60 0 20 1.50 x10 8  4.32 x10 5  0.96 1.16 0.0002 0.0001
60 0 20 1.50 x10 8  4.32 x10 6  0.70 0.80 0.0001 0.0001
60 0 20 1.50 x10 8  4.32 x10 7  0.38 0.10 0.0000 0.0000
60 0 20 1.50 x10 8  4.32 x10 8  0.19 0.00 0.0000 0.0000
60 0 20 1.50 x10 8 4.32 x1010  0.01 0.01 0.0000 0.0000
60 0 20 1.50 x10 7  4.32 x10 3  1.01 1.21 0.0022 0.0014
60 0 20 1.50 x10 7  4.32 x10 5  0.96 1.15 0.0021 0.0014
60 0 20 1.50 x10 7  4.32 x10 6  0.70 0.81 0.0018 0.0012
60 0 20 1.50 x10 7  4.32 x10 7  0.38 0.13 0.0011 0.0007
60 0 20 1.50 x10 7 4.32 x10 8  0.19 0.05 0.0003 0.0002
60 0 20 1.50 x10 7 4.32 x10 10  0.06 0.06 0.0004 0.0003
60 0 20 1.50 x10 6  4.32 x10 3  1.01 1.18 0.0402 0.0263
60 0 20 1.50 x10 6  4.32 x10 5  0.95 1.14 0.0402 0.0264
60 0 20 1.50 x10 6  4.32 x10 6  0.72 0.83 0.0416 0.0273
60 0 20 1.50 x10 6  4.32 x10 7  0.47 0.37 0.0397 0.0260
60 0 20 1.50 x10 6  4.32 x10 8  0.35 0.32 0.0333 0.0219
60 0 20 1.50 x10 6 4.32 x1010 0.32 0.35 0.0287 0.0188
60 0 20 1.50 x10 5 4.32 x10 3  0.98 1.10 0.3269 0.2145
60 0 20 1.50 x10 5  4.32 x10 5  0.94 1.07 0.3420 0.2244
60 0 20 1.50 x10 5 4.32 x10 6  0.82 0.93 0.3576 0.2346
60 0 20 1.50 x10 5 4.32 x10 7  0.76 0.86 0.3570 0.2342
60 0 20 1.50 x10 5  4.32x10 8  0.75 0.86 0.3536 0.2320
60 0 20 1.50 x10 5 4.32 x10 10  0.74 0.86 0.3530 0.2316
60 0 20 1.50 x10 4  4.32 x10 3  0.96 1.08 0.8126 0.5332
60 0 20 1.50 x10 4  4.32 x10 5  0.94 1.06 0.8162 0.5355
60 0 20 1.50 x10 4  4.32 x10 6  0.93 1.05 0.8130 0.5334
60 0 20 1.50 x10 4  4.32 x10 7  0.92 1.05 0.8114 0.5324
60 0 20 1.50 x10 4  4.32 x10 8  0.92 1.05 0.8112 0.5322
60 0 20 1.50 x10 4 4.32 x10 10  0.92 1.05 0.8112 0.5322
60 0 20 1.50 x10 3  4.32 x10 3  0.96 1.10 0.9886 0.6487
60 0 20 1.50 x10 3 4.32 x10 5  0.95 1.09 0.9868 0.6475
60 0 20 1.50 x10 3  4.32 x10 6  0.95 1.09 0.9868 0.6475
60 0 20 1.50 x10 3  4.32 x10 7  0.95 1.09 0.9864 0.6473
60 0 20 1.50 x10 3 4.32 x10 8  0.95 1.09 0.9864 0.6473
60 0 20 1.50 x10 3 4.32 x1010  0.95 1.09 0.9864 0.6473
60 0 20 1.50 x10 2  4.32 x10 3  0.96 1.10 1.0533 0.6911
60 0 20 1.50 x10 2  4.32 x10 5  0.96 1.10 1.0533 0.6911
60 0 20 1.50 x10 2  4.32 x10 6  0.96 1.10 1.0533 0.6911
60 0 20 1.50 x10 2 4.32 x10 7  0.96 1.10 1.0533 0.6911
60 0 20 1.50 x10 2  4.32 x10 8  0.96 1.10 1.0533 0.6911
60 0 20 1.50 x10 2 4.32 x10 0  0.96 1.10 1.0533 0.6911
Table 4.1: Analyses with 60m beam with zero eccentricity
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Figure 4.1 illustrates typical predictions of surface settlement troughs for cases a) where
the axial stiffness varies (at constant bending stiffness) and b) where the bending stiffness
varies (at constant axial stiffness). Figure 4.1(a) shows that despite the high bending
stiffness (El = 4 x 1010 kNm), the settlement troughs follow very closely the greenfield
case for axial stiffness EA 1.5 x 104 kN/m. However, as the axial stiffness is increased,
the structure modifies the settlement to give a shallower trough towards the limiting case
(EA = 1.5 x 108 - 1.5 x 109 kN/m), where the settlement trough is uniform beneath the
beam. However, the influence of the structure decreases rapidly beyond the edge of the
beam and the greenfield settlement curve is fully recovered within a horizontal distance
3m of the edge. Figure 4.1(b) shows that for beams with constant axial stiffness but
varying bending stiffness, the trough follows very closely the greenfield profile for
El 4 x 105 kNm. It is then shown that the greater the bending stiffness, the more the
beam modifies the greenfield settlement trough. At the highest bending stiffness (El =
4.322 x 1010 kNm), the settlement trough is uniform across the beam width and again the
greenfield curve is fully recovered within a horizontal distance 3m of the edge. These
results give a very clear message that both the axial stiffness and bending stiffness affect
the settlement trough within the range of EA and El being varied.
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Figure 4.1: Surface settlement troughs for a 20m deep tunnel excavated
wide structure: a) effect of axial stiffness; b) effect of bending stiffness
beneath a 60m
75
0
1
2
3
4
5
6
7
E
E
C
E
t:
4'
4-.
U'
E
4.6
C
E
(U
(A
2'
U'
Figures 4.2(a) and (b) shows the derived deflection ratio modification factors MDR for
sagging and hogging as functions of El and EA respectively. The results reported by
Potts and Addenbrooke (1997) are overlaid for comparison. The results show that the
HSS model gives lower modification factors MDR for sagging for all combinations of EA
and El analyzed. The largest modification factors for sagging MDR for sagging = 1.01
and 1.26 for the HSS model and the PJ model respectively, which occur at very low
bending stiffness (El = 4 x 102 kNm). There is little variation in MDR for sagging for
EI 4 x 106 kNm. Deflection ratios reduce significantly at higher bending stiffness (El >
4 x 105 kNm). The drop is most drastic for high axial stiffness (EA = 1.5 x 108 kN/m),
where MDR for sagging reduces from 0.96 to 0 for over the range, El = 4 x 105 to 4 x 1010
kNm. For low axial stiffness (EA < 1.5 x 105 kN/m), modification factors remain
constant at 0.92 - 0.95 for the entire range of El being varied. On the other hand, it is
interesting to observe that the inverse trend of MDR in the hogging zone as identified in
Potts and Addenbrooke (1997) at El > 5 x 107 kNm for EA = 1.5 x 106 to 1.5 x 107 kN/m
is not observed in this study. Comparing the modification factors MDR for hogging with
Potts and Addenbrooke (1997), for high axial stiffness (EA > 1.5 x 105 kN/m), the
modification factors MDR for hogging are generally higher, except at El = 4 x 108 kNm
where Potts and Addenbrooke (1997) reach its peak MDR for hogging before reversal in
trend. Conversely, for low axial stiffness (EA > 1.5 x 105 kN/m), the modification
factors MDR for hogging are lower than Potts and Addenbrooke (1997). It is interesting to
observe that MDR for both sagging and hogging are found to be greater than unity at low
bending and axial stiffness, which implies that the presence of the structure at this range
of stiffness leads to greater hogging and/or sagging than the greenfield curve.
76
y1.4
1.2
1
0.8
0.6
0.4
0.2
0
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
E I (KNm)
E I (KNm)
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10 1.E+11
0
EA[kN/m] PJ HSS
0.2 1.5 x 102
31.5 x 103
1.5 x105 - - - -
1.5 x
100
.r- 1~.5 x 1 e
0.86 . 106 o
1.2
14 xDRhog
1.6
Figure 4.2: Variation of modification factors for deflection ratio with beam flexural
stiffness: (a) MDRsag; (b) MDRhog
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MDR data in Figure 4.2 are re-plotted in Figure 4.3 as functions of the axial stiffness. The
results obtained in Potts and Addenbrooke (1997) are also overlaid on the figure for
comparison. It is evident that the HSS model is giving lower modification factors MDR
for sagging for all combinations of EA and El analyzed. The highest modification factors
MDR for sagging are 1.01 and 1.26 for HSS model and Potts and Addenbrooke (1997)
respectively, both occurring at high axial stiffness (EA = 1.5 x 108 kN/m). There is little
variation in MDR for low axial stiffness (EA < 1.5 x 104 kN/m). Modification factors vary
significantly for high bending stiffness (El = 4 x 1010 kNm), from 0.92 to 0.01 for axial
stiffness in the range EA = 1.5 x 104 to 1.5 x 108 kN/m. For low bending stiffness (EI <
4 x 105 kNm), modification factors remain constant at 0.96 - 1.01 for the entire range of
axial stiffness. However, it is interesting to note that the reversal in trend of modification
factor MDR for hogging as identified in Potts and Addenbrooke (1997) for beams with
axial stiffness EA > 1.5 x 107 kN/m and low bending stiffness (El = 4 x 105 and 4 x 106
kNm) is not observed in this study. When comparing the modification factors MDR for
hogging obtained from this study with Potts and Addenbrooke (1997), no obvious trend is
observed.
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Figures 4.4(a) and (b) show the variation of modification factors for horizontal strains M"
for the selected combinations of EA and El listed in Table 4.1 for compressive and tensile
strain regions respectively. Again, the corresponding results of Potts and Addenbrooke
(1997) are overlaid for comparison. For both compressive and tensile horizontal strains,
the results from the analyses with different bending stiffness generally overlap with each
other, which proves that only the axial stiffness affects horizontal compressive and tensile
strains (i.e., these parameters are independent of EI). In Figure 4.4(a), it is evident that
MEhC is the largest (0.69) at low axial stiffness (EA = 1.5 x 102 kN/m) and gradually
drops to around zero (MEhc =0.0002 to 0.0014) at high axial stiffness (EA =1.5 x 107
kN/m). The current modification factors are smaller than those reported in Potts and
Addenbrooke (1997) for all combinations of EA and EI. The largest differences occur at
low axial stiffness (EA = 1.5 x 102 kN/m). Modification factors in the tensile region MEht
(Figure 4.4(b)) are the largest at low axial stiffness (EA = 1.5 x 102 kN/m) at 1.05, and
gradually drop to around zero (MEht = 0.002) at high axial stiffness (EA =1.5 x 107 kN/m).
It is interesting to observe that Mcht values obtained from this study generally coincide
with those of Potts and Addenbrooke (1997). However, it is also worth noting that for
high axial stiffness (EA =1.5 x 106 to 1.5 x 106 kN/m), the value of M' for compression
and tension are both very small, and hence any small change in the magnitude can
significantly affect the comparative values from the two soil models.
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The results of MDR for sagging and hogging concerning beams with likely values of axial
and bending stiffness (i.e., El = 2 x 107 to 4.4 x 109 kNm; EA = 6.9 x 106 to
3.8 x 107 kN/m for 1- to 10-storey building as detailed in Chapter 2) are selected from
Table 4.1 and plotted on Figure 4.5 with the design curve (for zero eccentricity) given in
Potts and Addenbrooke (1997). It is noted that the design curve is reproduced as MDR vS
El (where El = p*(Es(B/2) 4) as given in Potts and Addenbrooke (1997)). It is evident
that the results obtained from the HSS model in this study for beams with likely values of
axial and bending stiffness fall below the design curves for both sagging and hogging,
which represent the upper limit of the analyses carried out in Potts and Addenbrooke
(1997). Based on the range of building stiffness analyzed in this study, it is therefore
considered that the design curves (for zero eccentricity) for MDR for both sagging and
hogging in Potts and Addenbrooke (1997) provide a reasonable first estimate of the
effects of soil-structure interaction
Similarly, the results of M' for compression and tension concerning beams with likely
values of axial and bending stiffness are selected and plotted in Figure 4.6 with the design
curve (for zero eccentricity) given in Potts and Addenbrooke (1997). It is also evident
that the results obtained from the HSS model in this study for beams with likely values of
axial and bending stiffness fall below the design curves for both compression and tension
regions, which represent the upper limit of the analyses carried out in Potts and
Addenbrooke (1997). Based on the range of building stiffness analyzed in this study, it
is therefore considered that the design curves (for zero eccentricity) for ME for both
compression and tension in Potts and Addenbrooke (1997) provide a reasonable first
estimate of the effects of soil-structure interaction.
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4.3 Conclusions
A total of 48 finite element analyses were performed to study the influence of existing
buildings on ground movement resulting from a 20m deep tunnel excavated underneath a
surface beam of 60m wide with no eccentricity. Bending and axial stiffness (El and EA)
of buildings are varied in these analyses. The results give a very clear message that both
the axial and flexural stiffness affect the settlement trough within the range of EA and El
being considered. On the other hand, the results also show that only the axial stiffness
affects the horizontal compressive and tensile strains.
Although a different soil model (i.e., HSS model) is used in this study, the variations of
modification factors to El and EA are qualitatively similar to those obtained in Potts and
Addenbrooke (1997). The quantitative comparison of the modification factors obtained
is summarized below:
(1) HSS model gives lower modification factors MDR for sagging.
(2) For modification factors MDR for hogging, HSS generally gives higher MDR for
high axial stiffness and lower MDR for lower axial stiffness.
(3) Modification factors for horizontal strain in compression M hc obtained from HSS
model are generally smaller.
(4) Modification factors for horizontal strain in tension MEht obtained from HSS
model generally coincide with those of Potts and Addenbrooke (1997). However,
as the values of ME and ME are generally very small at high axial stiffness, any
small change in the magnitude can significantly affect the ratio of M" obtained
from the two soil models in the high range of axial stiffness.
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The results concerning beams with likely values of axial and bending stiffness (for 1- to
10-storey buildings) are selected and plotted on the design curve (for zero eccentricity)
for modification factors MDR for sagging and hogging and ME for compression and
tension as given in Potts and Addenbrooke (1997). It is evident that the results obtained
from the HSS model in this study for beams with likely values of axial and bending
stiffness are falling below the concerning design curves for zero eccentricity, which
proves that the design curves for MDR for sagging and hogging and ME for compression
and tension for zero eccentricity given in Potts and Addenbrooke (1997) are still adequate.
It is however noted that the 48 finite element analyses were all performed for a constant
tunnel depth (20m to tunnel springline) and the width and eccentricity of the surface
beam are unchanged (60m wide beams and zero eccentricity), only with the axial and
bending stiffness varied. More analyses by the HSS model, covering different building
widths and tunnel depths as well as buildings located at an eccentricity to the tunnel
centerline, are required to verify the adequacy of the design curves in Potts and
Addenbrooke (1997).
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5 Effects of Building Weight
5.1 Introduction
In the previous chapter the building was modeled as a weightless elastic beam. This
chapter considers the influence of building weight on tunnelling-induced ground
movement.
5.2 Method of analysis
Same as the previous chapter, the analyses focus on a single geometry comprising a
circular tunnel of diameter, d = 4.146m located at a depth, H = 20m. The overlying
structure is represented by an equivalent elastic beam of width B = 60m located at the
ground surface. The centroid of the equivalent beam is centred above the centerline of
the tunnel (i.e., with no eccentricity). The soil model and the modeling of soil-structure
interaction and tunnel excavation are the same as the previous chapter. All of the
analyses use a fixed value of stress release ratio, 1 - P = 97% that produces a greenfield
surface volume loss of AVs = 1.5% using the HSS soil model.
Building weight is simulated by an additional calculation step in which the self-weight of
the building is represented by a surface surcharge of 50kPa, in drained equilibrium with
stresses in the ground prior to tunnel construction. This assumption corresponds to the
case where the low permeability clay underneath the building is fully consolidated under
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the weight of the building (i.e., the building was constructed long before the tunnel). The
surcharge pressure increases the stress and hence, the soil stiffness locally within the
foundation soil mass. Displacements are artificially re-zeroed prior to tunnel construction
such that all soil strains are defined relative to the drained equilibrium condition
associated with the building.
Practical values of bending and axial stiffness, El and EA, for 1- to 10-storey buildings
are provided in Table 3.1 in Chapter 3. The practical range El = 2.00 x 107 to
4.39 x 109 kNm and EA = 6.90 x 106 to 3.80 x 107 kN/m. In chapter 4, a wider variation
of stiffness values El and EA was adopted (Table 4.1 in Chapter 4 refers) including
impractical values of El and EA in order to study the variation of tunneling-induced
ground movements for a wider range of structure stiffness. This chapter will focus on the
practical range of bending and axial stiffness for 1- to 10-storey buildings and study the
influence of building weight on tunneling-induced ground movements within this range
of practical stiffness at a higher resolution. 112 cases of practical building stiffness to be
analyzed are plotted on Figure 5.1. The values of EA and El for 1- to 1 0-storey buildings
are also shown as a line on the figure.
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Figure 5. 1: Practical range of building bending and axial stiffness (BA and EL)
5.3 Stress state
The existence of structures changes the stress conditions in the underlying soil. On the
one hand, building stiffness changes the boundary condition at the ground surface; on the
other hand, the building load affects the soil behavior down the level where a tunnel will
be constructed (Franzius, 2004). Two finite element analyses were carried out for a 5-
storey building with self-weight 5OkPa to illustrate the influence of buildings on the
stress state of soil prior to tunnel excavation. Figure 5.1 illustrates the effect of building
load on mean effective stress p' on centerline of building prior to tunnel construction.
The increase in effective stress is most marked at the ground surface, noting that the
groundwater table is located at a depth of 2m. The deeper the soil, the smaller the
difference in effective stress because overburden dominates the stress field instead of
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building load at greater depth. On the other hand, the effect of building load on soil
stiffness of a soil element at 1 Om below centerline of building prior to tunnel construction
is plotted on Figure 5.2, which shows that soil stiffness under the 50 kPa building load is
higher due to the increased stress level.
Mean effective stress p' prior to tunnel
p' (kPa)
50 100 150 200 250 300
excavation
350 400 450
Figure 5.2: Mean effective stress p' profile on centerline of building prior to tunnel
construction
90
0
.
0t.P
.C
0
5
10
15
20
25
30
35
40
45
50
-- Neglect self-weight
- -Self-weight =50kPa
...... .. ..  ... .... ... . ... ..... .... . ..... ... ... -.. .
Soil Stiffness prior to tunnel excavation
0.9
0.8
0.7 -Neglect self-weight
0.6 -- self-weight = 50kPa
to
0.5
0.4
0.3
0.2
0.1
0
0.00 0.20 0.40 0.60 0.80 1.00
Axial strain, &,
Figure 5.3: Soil stiffness profile at lOim below centerline of building prior to tunnel
construction
5.4 Results and Interpretation
A total of 112 finite element analyses were carried out with and without building
surcharge respectively to evaluate the influence of building weight on ground movements.
These analyses are summarized in Table 5.1 and Table 5.2 below for cases without
building load and with building load respectively:
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Case No. B e Z El EA M DRsag M DRhog mht Mhe(M) (M) (M) kNm kN/m
1 60 0 20 1.OOE+07 1.OOE+06 0.6293 0.6705 0.0684 0.1382
2 60 0 20 2.OOE+07 1.00E+06 0.5614 0.5439 0.0681 0.1419
3 60 0 20 4.OOE+07 1.00E+06 0.5083 0.4660 0.0673 0.1448
4 60 0 20 6.OOE+07 1.OOE+06 0.4850 0.4415 0.0665 0.1463
5 60 0 20 8.OOE+07 1.OOE+06 0.4701 0.4306 0.0658 0.1471
6 60 0 20 1.00E+08 1.00E+06 0.4596 0.4253 0.0652 0.1476
7 60 0 20 2.00E+08 1.OOE+06 0.4327 0.4215 0.0630 0.1492
8 60 0 20 4.OOE+08 1.OOE+06 0.4143 0.4272 0.0605 0.1508
9 60 0 20 6.OOE+08 1.OOE+06 0.4069 0.4314 0.0593 0.1516
10 60 0 20 8.OOE+08 1.OOE+06 0.4029 0.4341 0.0587 0.1520
11 60 0 20 1.OOE+09 1.OOE+06 0.4004 0.4360 0.0582 0.1523
12 60 0 20 2.OOE+09 1.OOE+06 0.3949 0.4400 0.0573 0.1530
13 60 0 20 4.OOE+09 1.OOE+06 0.3921 0.4425 0.0567 0.1533
14 60 0 20 6.OOE+09 1.OOE+06 0.3911 0.4433 0.0566 0.1534
15 60 0 20 1.OOE+07 2.OOE+06 0.5984 0.6082 0.0285 0.0817
16 60 0 20 2.OOE+07 2.OOE+06 0.5156 0.4428 0.0277 0.0846
17 60 0 20 4.OOE+07 2.OOE+06 0.4515 0.3246 0.0268 0.0870
18 60 0 20 6.OOE+07 2.OOE+06 0.4207 0.2822 0.0261 0.0880
19 60 0 20 8.OOE+07 2.OOE+06 0.4019 0.2628 0.0256 0.0889
20 60 0 20 1.OOE+08 2.OOE+06 0.3880 0.2525 0.0252 0.0895
21 60 0 20 2.OOE+08 2.OOE+06 0.3479 0.2432 0.0235 0.0910
22 60 0 20 4.OOE+08 2.OOE+06 0.3183 0.2530 0.0212 0.0933
23 60 0 20 6.OOE+08 2.OOE+06 0.3048 0.2614 0.0201 0.0948
24 60 0 20 8.OOE+08 2.OOE+06 0.2971 0.2669 0.0192 0.0955
25 60 0 20 1.OOE+09 2.OOE+06 0.2914 0.2702 0.0186 0.0957
26 60 0 20 2.OOE+09 2.OOE+06 0.2813 0.2802 0.0172 0.0970
27 60 0 20 4.OOE+09 2.OOE+06 0.2754 0.2858 0.0165 0.0976
28 60 0 20 6.OOE+09 2.OOE+06 0.2734 0.2878 0.0163 0.0978
29 60 0 20 1.OOE+07 4.OOE+06 0.5822 0.5753 0.0107 0.0461
30 60 0 20 2.OOE+07 4.OOE+06 0.4883 0.3714 0.0100 0.0483
31 60 0 20 4.OOE+07 4.OOE+06 0.4180 0.2228 0.0093 0.0498
32 60 0 20 6.OOE+07 4.OOE+06 0.3848 0.1741 0.0091 0.0508
33 60 0 20 8.OOE+07 4.OOE+06 0.3633 0.1511 0.0088 0.0514
34 60 0 20 1.OOE+08 4.OOE+06 0.3470 0.1386 0.0084 0.0518
35 60 0 20 2.OOE+08 4.OOE+06 0.2993 0.1223 0.0066 0.0533
36 60 0 20 4.OOE+08 4.OOE+06 0.2560 0.1282 0.0035 0.0548
37 60 0 20 6.OOE+08 4.OOE+06 0.2341 0.1376 0.0016 0.0560
38 60 0 20 8.OOE+08 4.OOE+06 0.2209 0.1449 0.0006 0.0567
39 60 0 20 1.OOE+09 4.OOE+06 0.2122 0.1503 0.0000 0.0572
40 60 0 20 2.OOE+09 4.OOE+06 0.1929 0.1638 0.0000 0.0582
41 60 0 20 4.OOE+09 4.OOE+06 0.1825 0.1718 0.0000 0.0587
42 60 0 20 6.OOE+09 4.OOE+06 0.1790 0.1747 0.0000 0.0589
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Case No. B e Z El EA M DRsag DRhog mht mhe(M) (M) (M) kNm kN/m
43 60 0 20 1.00E+07 6.OOE+06 0.5741 0.5604 0.0059 0.0325
44 60 0 20 2.OOE+07 6.OOE+06 0.4798 0.3463 0.0054 0.0341
45 60 0 20 4.OOE+07 6.OOE+06 0.4065 0.1882 0.0049 0.0352
46 60 0 20 6.OOE+07 6.OOE+06 0.3725 0.1338 0.0045 0.0359
47 60 0 20 8.OOE+07 6.OOE+06 0.3503 0.1080 0.0041 0.0364
48 60 0 20 1.OOE+08 6.OOE+06 0.3337 0.0939 0.0037 0.0367
49 60 0 20 2.OOE+08 6.OOE+06 0.2822 0.0764 0.0020 0.0379
50 60 0 20 4.OOE+08 6.OOE+06 0.2325 0.0818 0.0000 0.0392
51 60 0 20 6.OOE+08 6.OOE+06 0.2051 0.0908 0.0000 0.0401
52 60 0 20 8.OOE+08 6.OOE+06 0.1890 0.0980 0.0000 0.0408
53 60 0 20 1.OOE+09 6.OOE+06 0.1778 0.1029 0.0000 0.0411
54 60 0 20 2.OOE+09 6.OOE+06 0.1534 0.1151 0.0000 0.0418
55 60 0 20 4.OOE+09 6.OOE+06 0.1399 0.1232 0.0000 0.0421
56 60 0 20 6.OOE+09 6.OOE+06 0.1353 0.1264 0.0000 0.0422
57 60 0 20 1.OOE+07 8.OOE+06 0.5740 0.5571 0.0038 0.0249
58 60 0 20 2.OOE+07 8.OOE+06 0.4746 0.3303 0.0034 0.0263
59 60 0 20 4.OOE+07 8.OOE+06 0.4005 0.1687 0.0029 0.0272
60 60 0 20 6.OOE+07 8.OOE+06 0.3666 0.1123 0.0025 0.0277
61 60 0 20 8.OOE+07 8.OOE+06 0.3446 0.0854 0.0022 0.0281
62 60 0 20 1.OOE+08 8.OOE+06 0.3277 0.0704 0.0018 0.0284
63 60 0 20 2.OOE+08 8.OOE+06 0.2743 0.0542 0.0008 0.0295
64 60 0 20 4.OOE+08 8.OOE+06 0.2204 0.0576 0.0000 0.0307
65 60 0 20 6.OOE+08 8.00E+06 0.1901 0.0661 0.0000 0.0314
66 60 0 20 8.OOE+08 8.OOE+06 0.1713 0.0726 0.0000 0.0318
67 60 0 20 1.OOE+09 8.OOE+06 0.1587 0.0775 0.0000 0.0321
68 60 0 20 2.OOE+09 8.OOE+06 0.1307 0.0891 0.0000 0.0324
69 60 0 20 4.OOE+09 8.OOE+06 0.1155 0.0960 0.0000 0.0325
70 60 0 20 6.OOE+09 8.OOE+06 0.1102 0.0989 0.0000 0.0325
71 60 0 20 1.OOE+07 1.OOE+07 0.5713 0.5522 0.0027 0.0205
72 60 0 20 2.OOE+07 1.OOE+07 0.4717 0.3211 0.0023 0.0215
73 60 0 20 4.OOE+07 1.OOE+07 0.3971 0.1570 0.0019 0.0222
74 60 0 20 6.OOE+07 1.OOE+07 0.3631 0.0990 0.0016 0.0227
75 60 0 20 8.OOE+07 1.OOE+07 0.3410 0.0714 0.0014 0.0229
76 60 0 20 1.OOE+08 1.OOE+07 0.3246 0.0580 0.0013 0.0232
77 60 0 20 2.OOE+08 1.OOE+07 0.2702 0.0406 0.0007 0.0240
78 60 0 20 4.OOE+08 1.OOE+07 0.2131 0.0426 0.0000 0.0252
79 60 0 20 6.OOE+08 1.OOE+07 0.1805 0.0502 0.0000 0.0257
80 60 0 20 8.OOE+08 1.OOE+07 0.1601 0.0566 0.0000 0.0259
81 60 0 20 1.OOE+09 1.OOE+07 0.1465 0.0612 0.0000 0.0261
82 60 0 20 2.OOE+09 1.OOE+07 0.1160 0.0723 0.0000 0.0264
83 60 0 20 4.OOE+09 1.OOE+07 0.0995 0.0788 0.0000 0.0265
84 60 0 20 6.OOE+09 1.OOE+07 0.0939 0.0811 0.0000 0.0265
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Case No. B e Z EI EA M DRsag MDRhog Eht Mh(M) (M) (M) kNm kN/m
85 60 0 20 1.OOE+07 2.OOE+07 0.5666 0.5412 0.0009 0.0107
86 60 0 20 2.00E+07 2.OOE+07 0.4664 0.3026 0.0007 0.0111
87 60 0 20 4.OOE+07 2.OOE+07 0.3898 0.1325 0.0007 0.0116
88 60 0 20 6.OOE+07 2.OOE+07 0.3566 0.0724 0.0007 0.0118
89 60 0 20 8.OOE+07 2.OOE+07 0.3354 0.0463 0.0007 0.0120
90 60 0 20 1.OOE+08 2.OOE+07 0.3191 0.0333 0.0007 0.0121
91 60 0 20 2.OOE+08 2.OOE+07 0.2644 0.0157 0.0004 0.0127
92 60 0 20 4.OOE+08 2.OOE+07 0.1998 0.0167 0.0000 0.0133
93 60 0 20 6.OOE+08 2.OOE+07 0.1612 0.0213 0.0000 0.0135
94 60 0 20 8.OOE+08 2.OOE+07 0.1369 0.0247 0.0000 0.0135
95 60 0 20 1.OOE+09 2.OOE+07 0.1208 0.0272 0.0000 0.0136
96 60 0 20 2.OOE+09 2.OOE+07 0.0844 0.0349 0.0000 0.0136
97 60 0 20 4.OOE+09 2.OOE+07 0.0645 0.0404 0.0000 0.0137
98 60 0 20 6.OOE+09 2.OOE+07 0.0577 0.0424 0.0000 0.0137
99 60 0 20 1.OOE+07 4.OOE+07 0.5657 0.5379 0.0003 0.0055
100 60 0 20 2.OOE+07 4.OOE+07 0.4612 0.2929 0.0004 0.0058
101 60 0 20 4.OOE+07 4.OOE+07 0.3857 0.1210 0.0004 0.0060
102 60 0 20 6.OOE+07 4.OOE+07 0.3537 0.0594 0.0004 0.0061
103 60 0 20 8.OOE+07 4.OOE+07 0.3328 0.0345 0.0004 0.0062
104 60 0 20 1.OOE+08 4.OOE+07 0.3176 0.0214 0.0003 0.0062
105 60 0 20 2.OOE+08 4.OOE+07 0.2647 0.0058 0.0002 0.0065
106 60 0 20 4.OOE+08 4.OOE+07 0.1963 0.0056 0.0000 0.0068
107 60 0 20 6.OOE+08 4.OOE+07 0.1532 0.0075 0.0000 0.0069
108 60 0 20 8.OOE+08 4.OOE+07 0.1265 0.0094 0.0000 0.0069
109 60 0 20 1.OOE+09 4.OOE+07 0.1085 0.0111 0.0000 0.0069
110 60 0 20 2.OOE+09 4.OOE+07 0.0680 0.0154 0.0000 0.0069
111 60 0 20 4.OOE+09 4.OOE+07 0.0457 0.0189 0.0000 0.0069
112 60 0 20 6.OOE+09 4.OOE+07 0.0380 0.0207 0.0000 0.0069
Table 5.1: Analyses with 60m beam with zero eccentricity with practical range of
building stiffness (without building load)
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Case No. ( ( ( El EA M DR sag M DR hog MEht MEhC
1 60 0 20 1.OOE+07 1.OOE+06 1.0191 0.9341 0.0947 0.3423
2 60 0 20 2.OOE+07 1.OOE+06 0.9232 0.7183 0.0972 0.3399
3 60 0 20 4.OOE+07 1.OOE+06 0.8412 0.5993 0.0922 0.3376
4 60 0 20 6.OOE+07 1.OOE+06 0.7982 0.5669 0.0850 0.3382
5 60 0 20 8.00E+07 1.00E+06 0.7670 0.5589 0.0796 0.3381
6 60 0 20 1.OOE+08 1.00E+06 0.7463 0.5558 0.0741 0.3380
7 60 0 20 2.OOE+08 1.OOE+06 0.6836 0.5832 0.0619 0.3419
8 60 0 20 4.OOE+08 1.OOE+06 0.6424 0.6150 0.0525 0.3442
9 60 0 20 6.OOE+08 1.OOE+06 0.6240 0.6306 0.0490 0.3444
10 60 0 20 8.OOE+08 1.OOE+06 0.6137 0.6415 0.0478 0.3454
11 60 0 20 1.OOE+09 1.OOE+06 0.6070 0.6476 0.0472 0.3458
12 60 0 20 2.OOE+09 1.OOE+06 0.5948 0.6615 0.0465 0.3464
13 60 0 20 4.OOE+09 1.OOE+06 0.5869 0.6691 0.0466 0.3462
14 60 0 20 6.OOE+09 1.OOE+06 0.5843 0.6712 0.0459 0.3462
15 60 0 20 1.OOE+07 2.OOE+06 1.0079 0.7878 0.0000 0.0812
16 60 0 20 2.OOE+07 2.OOE+06 0.8875 0.5077 0.0516 0.2027
17 60 0 20 4.OOE+07 2.OOE+06 0.7937 0.3404 0.0498 0.2024
18 60 0 20 6.OOE+07 2.OOE+06 0.7374 0.2923 0.0433 0.2039
19 60 0 20 8.OOE+07 2.OOE+06 0.6967 0.2759 0.0382 0.2056
20 60 0 20 1.OOE+08 2.OOE+06 0.6652 0.2747 0.0342 0.2068
21 60 0 20 2.OOE+08 2.OOE+06 0.5662 0.3006 0.0249 0.2128
22 60 0 20 4.OOE+08 2.OOE+06 0.4843 0.3405 0.0219 0.2166
23 60 0 20 6.OOE+08 2.OOE+06 0.4504 0.3582 0.0209 0.2171
24 60 0 20 8.OOE+08 2.OOE+06 0.4303 0.3697 0.0207 0.2171
25 60 0 20 1.OOE+09 2.OOE+06 0.4205 0.3767 0.0209 0.2176
26 60 0 20 2.OOE+09 2.OOE+06 0.3960 0.3945 0.0209 0.2177
27 60 0 20 4.OOE+09 2.OOE+06 0.3843 0.4047 0.0214 0.2180
28 60 0 20 6.OOE+09 2.OOE+06 0.3798 0.4080 0.0215 0.2182
29 60 0 20 1.OOE+07 4.OOE+06 0.9958 0.7019 0.0000 0.0468
30 60 0 20 2.OOE+07 4.OOE+06 0.8795 0.3721 0.0000 0.0455
31 60 0 20 4.OOE+07 4.OOE+06 0.7800 0.1823 0.0000 0.0433
32 60 0 20 6.OOE+07 4.OOE+06 0.7132 0.1426 0.0212 0.1140
33 60 0 20 8.OOE+07 4.OOE+06 0.6678 0.1245 0.0170 0.1156
34 60 0 20 1.OOE+08 4.OOE+06 0.6284 0.1195 0.0150 0.1171
35 60 0 20 2.OOE+08 4.OOE+06 0.4928 0.1365 0.0106 0.1219
36 60 0 20 4.OOE+08 4.OOE+06 0.3718 0.1728 0.0093 0.1238
37 60 0 20 6.OOE+08 4.OOE+06 0.3243 0.1904 0.0095 0.1238
38 60 0 20 8.OOE+08 4.OOE+06 0.2998 0.2004 0.0098 0.1240
39 60 0 20 1.OOE+09 4.OOE+06 0.2840 0.2072 0.0100 0.1241
40 60 0 20 2.OOE+09 4.OOE+06 0.2522 0.2211 0.0100 0.1241
41 60 0 20 4.OOE+09 4.OOE+06 0.2352 0.2303 0.0104 0.1241
42 60 0 20 6.OOE+09 4.OOE+06 0.2290 0.2340 0.0104 0.1241
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43 60 0 20 L.OOE+07 6.OOE+06 0.9975 0.6720 0.0000 0.0328
44 60 0 20 2.OOE+07 6.OOE+06 0.8747 0.3282 0.0000 0.0318
45 60 0 20 4.OOE+07 6.OOE+06 0.7751 0.1379 0.0000 0.0303
46 60 0 20 6.OOE+07 6.OOE+06 0.7117 0.0923 0.0136 0.0795
47 60 0 20 8.OOE+07 6.OOE+06 0.6646 0.0727 0.0110 0.0806
48 60 0 20 L.OOE+08 6.OOE+06 0.6238 0.0657 0.0110 0.0806
49 60 0 20 2.OOE+08 6.OOE+06 0.4677 0.0789 0.0064 0.0858
50 60 0 20 4.OOE+08 6.OOE+06 0.3292 0.1093 0.0058 0.0867
51 60 0 20 6.OOE+08 6.OOE+06 0.2756 0.1250 0.0064 0.0869
52 60 0 20 8.OOE+08 6.OOE+06 0.2474 0.1336 0.0065 0.0867
53 60 0 20 1.OOE+09 6.OOE+06 0.2293 0.1398 0.0066 0.0866
54 60 0 20 2.OOE+09 6.OOE+06 0.1923 0.1531 0.0066 0.0867
55 60 0 20 4.OOE+09 6.OOE+06 0.1735 0.1605 0.0070 0.0865
56 60 0 20 6.OOE+09 6.OOE+06 0.1670 0.1642 0.0070 0.0867
57 60 0 20 1.OOE+07 8.OOE+06 0.9957 0.6585 0.0000 0.0252
58 60 0 20 2.OOE+07 8.OOE+06 0.8714 0.3014 0.0000 0.0245
59 60 0 20 4.OOE+07 8.OOE+06 0.7752 0.1118 0.0000 0.0233
60 60 0 20 6.OOE+07 8.OOE+06 0.7168 0.0640 0.0000 0.0224
61 60 0 20 8.OOE+07 8.00E+06 0.6666 0.0496 0.0077 0.0620
62 60 0 20 1.OOE+08 8.OOE+06 0.6244 0.0449 0.0066 0.0630
63 60 0 20 2.OOE+08 8.OOE+06 0.4571 0.0545 0.0047 0.0659
64 60 0 20 4.OOE+08 8.OOE+06 0.3086 0.0760 0.0045 0.0668
65 60 0 20 6.OOE+08 8.OOE+06 0.2499 0.0899 0.0047 0.0667
66 60 0 20 8.OOE+08 8.OOE+06 0.2195 0.0982 0.0047 0.0667
67 60 0 20 1.OOE+09 8.OOE+06 0.2003 0.1034 0.0048 0.0667
68 60 0 20 2.OOE+09 8.OOE+06 0.1608 0.1163 0.0000 0.0182
69 60 0 20 4.OOE+09 8.OOE+06 0.1400 0.1230 0.0000 0.0181
70 60 0 20 6.OOE+09 8.OOE+06 0.1334 0.1257 0.0000 0.0180
71 60 0 20 1.OOE+07 1.OOE+07 0.9950 0.6497 0.0000 0.0205
72 60 0 20 2.OOE+07 1.OOE+07 0.8704 0.2850 0.0000 0.0199
73 60 0 20 4.OOE+07 1.OOE+07 0.7746 0.0984 0.0000 0.0190
74 60 0 20 6.OOE+07 1.OOE+07 0.7185 0.0497 0.0000 0.0182
75 60 0 20 8.OOE+07 1.OOE+07 0.6679 0.0375 0.0060 0.0504
76 60 0 20 1.OOE+08 1.OOE+07 0.6251 0.0325 0.0051 0.0511
77 60 0 20 2.OOE+08 1.OOE+07 0.4519 0.0395 0.0036 0.0536
78 60 0 20 4.OOE+08 1.OOE+07 0.2959 0.0573 0.0036 0.0542
79 60 0 20 6.OOE+08 1.OOE+07 0.2349 0.0682 0.0037 0.0542
80 60 0 20 8.OOE+08 1.OOE+07 0.2023 0.0758 0.0037 0.0542
81 60 0 20 1.OOE+09 1.OOE+07 0.1820 0.0808 0.0038 0.0542
82 60 0 20 2.OOE+09 1.OOE+07 0.1408 0.0928 0.0000 0.0147
83 60 0 20 4.OOE+09 1.OOE+07 0.1191 0.0993 0.0000 0.0146
84 60 0 20 6.OOE+09 1.OOE+07 0.1118 0.1015 0.0000 0.0146
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85 60 0 20 1.OOE+07 2.OOE+07 0.9939 0.6211 0.0000 0.0105
86 60 0 20 2.OOE+07 2.OOE+07 0.8692 0.2588 0.0000 0.0103
87 60 0 20 4.OOE+07 2.OOE+07 0.7718 0.0731 0.0000 0.0098
88 60 0 20 6.OOE+07 2.OOE+07 0.7190 0.0289 0.0000 0.0094
89 60 0 20 8.OOE+07 2.OOE+07 0.6663 0.0143 0.0000 0.0091
90 60 0 20 1.OOE+08 2.OOE+07 0.6289 0.0102 0.0000 0.0089
91 60 0 20 2.OOE+08 2.OOE+07 0.4475 0.0129 0.0018 0.0277
92 60 0 20 4.OOE+08 2.OOE+07 0.2686 0.0223 0.0017 0.0279
93 60 0 20 6.OOE+08 2.OOE+07 0.2053 0.0285 0.0018 0.0279
94 60 0 20 8.OOE+08 2.OOE+07 0.1686 0.0321 0.0000 0.0077
95 60 0 20 1.OOE+09 2.OOE+07 0.1456 0.0346 0.0000 0.0077
96 60 0 20 2.OOE+09 2.OOE+07 0.0986 0.0435 0.0000 0.0075
97 60 0 20 4.OOE+09 2.OOE+07 0.0748 0.0489 0.0000 0.0075
98 60 0 20 6.OOE+09 2.OOE+07 0.0668 0.0509 0.0000 0.0074
99 60 0 20 1.OOE+07 4.OOE+07 0.9934 0.6157 0.0000 0.0054
100 60 0 20 2.OOE+07 4.OOE+07 0.8604 0.2450 0.0000 0.0052
101 60 0 20 4.OOE+07 4.OOE+07 0.7730 0.0596 0.0000 0.0050
102 60 0 20 6.OOE+07 4.OOE+07 0.7167 0.0200 0.0000 0.0048
103 60 0 20 8.OOE+07 4.OOE+07 0.6777 0.0064 0.0000 0.0046
104 60 0 20 1.OOE+08 4.OOE+07 0.6372 0.0036 0.0000 0.0045
105 60 0 20 2.OOE+08 4.OOE+07 0.4497 0.0043 0.0009 0.0141
106 60 0 20 4.OOE+08 4.OOE+07 0.2677 0.0078 0.0008 0.0142
107 60 0 20 6.OOE+08 4.OOE+07 0.1934 0.0095 0.0000 0.0039
108 60 0 20 8.OOE+08 4.OOE+07 0.1538 0.0123 0.0000 0.0039
109 60 0 20 1.OOE+09 4.OOE+07 0.1288 0.0140 0.0000 0.0039
110 60 0 20 2.OOE+09 4.OOE+07 0.0776 0.0183 0.0000 0.0038
111 60 0 20 4.OOE+09 4.OOE+07 0.0516 0.0225 0.0000 0.0038
112 60 0 20 6.OOE+09 4.OOE+07 0.0430 0.0242 0.0000 0.0037
Table 5.2: Analyses with 60m beam with zero eccentricity with practical range of
building stiffness (with building load)
Figure 5.4 shows the variation of modification factors for deflection ratios (MDRsag and
M DRhog , for sagging and hogging zones, respectively) and horizontal strain (MEhc and
MEht, for compression and tension zones, respectively) as functions of the bending and
axial stiffness of the structure. From Figure 5.4(a) and (b), it is evident that the bending
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stiffness is the dominant parameter affecting the modification factors for deflection ratios
in both sagging and hogging zones. The values of MDR for sagging and hogging range
from 0.5 to 0.05 and from 0.35 to below 0.05 respectively for 1- to 10-storey buildings.
Figure 5.4 (c) and Figure 5.4(d) show that the modification factors for horizontal tensile
and compressive strains within the range of practical bending and axial stiffness are only
affected by axial stiffness. The values of M' for tension are very small (below 0.01) and
those for compression range from 0.03 to below 0.01 for 1- to 1O-storey building.
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Figure 5.4: Contour plot for modification factors for zero-load cases:
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Figure 5.5 shows the variation of modification factors when the self-weight (surcharge
effect) of the building is included in the analyses. In Figures 5.5(a) and (b), it is evident
that within the practical range of building stiffness, modification factors M' for sagging
and hogging are generally only affected by bending stiffness. The values of MDR for
sagging and hogging range from 0.87 to 0.06 and from 0.35 to below 0.05 respectively
for 1- to 10-storey buildings. In contrast, in Figure 5.5(c) and (d), the modification
factors M' for horizontal tensile and compressive strains within the range of practical
bending and axial stiffness are only affected by axial stiffness. The values of M& for
tension are very small (below 0.01) and that for compression range from 0.05 to below
0.02 respectively for 1- to 1O-storey building.
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Figure 5.6 summarizes the influence of the surcharge by plotting the ratios of the four
modification factors with and without building surcharge. In Figure 5.6(a), it is evident
that the modification factor MDRsag for the 50kPa scenario is larger than that for the zero-
load scenario (in the ratio of 1.2 to 1.95) within the range of practical building stiffness.
In Figure 5.6(b), it is observed that for low building stiffness (1 to 2-storey), the
modification factor MDRhog for the 50kPa scenario is less than the zero-load scenario,
while for high building stiffness (above 2-storey), the modification factor MDRhog for the
50kPa scenario is larger than that for the zero-load scenario (in the ratio of 1 to around
1.3). It can therefore be concluded that deriving modification factors MDRsag without
considering building load is non-conservative for all practical building stiffness.
Estimation of the modification factor MDRhog without considering building load is
generally non-conservative except for very low building stiffness (2-storey or below). In
Figure 5.6(c), it is shown that the ratio of modification factors for horizontal strain in
tension M"t for the 50kPa scenario to the zero-load scenario is highest for 2-storey
buildings (in the ratio of around 5). However, the ratio is less than unity for all other
practical stiffness (1-, 5-, 8- and 10-storey). In Figure 5.6(d), it is shown that the ratio of
modification factors for horizontal strain in compression M'c is larger than unity for 1- to
5-storey buildings and that for 5- to 10-storey buildings is smaller than unity. It can
therefore be concluded that deriving modification factors for horizontal strain for tension
and compression Mt and M'c without considering building load is generally non-
conservative for building stiffness between 1- to 5-storey..
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5.5 Volume Loss
As all analyses in this study are set to terminate at a consistent percentage reduction of
the initial stress that corresponds to a surface volume loss, AVs = 1.5% (for the greenfield
case) to represent the field conditions, the actual volume losses obtained from analyses
with building surcharge will inevitably cause different surface volume losses. Therefore,
the actual volume loss is recorded for all the analyses and plotted against the calculating
maximum surface settlement as well as calculating modification factors obtained from
this study in Figure 5.7, Figure 5.8 and Figure 5.9:
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Figure 5.7: Variation of maximum surface settlement and volume loss
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Although Figure 5.7 agrees with the results of Potts and Addenbrooke (1997) in that the
magnitude of maximum settlement is proportional to volume loss, Figure 5.8 and Figure
5.9 clearly show that the modification factors (for both deflection ratio and horizontal
strain) obtained from numerical analyses in this study are not linearly correlated to the
volume loss. Therefore, these authors' use of linear extrapolation (based on maximum
settlement) is not justified for computing the modification factors. The current analyses
made no correction to the results obtained from the numerical analysis so that the results
will represent a consistent percentage reduction of the initial stress (fixed P value).
5.6 Conclusions
A total of 112 finite element analyses were carried out for zero-load and 50kPa bulding
load respectively to evaluate the influence of building weight on ground movements.
Based on the results of these analyses, it is concluded that calculating modification
factors without considering building loads is non-conservative for:
(1) For MDRag - non-conservative for all practical building stiffness
(2) For MDRhog - non-conservative for building higher than 2-storey
(3) For Met - non-conservative for building of 1- to 5- storey
(4) For M'c - non-conservative for building of 1- to 5- storey
It is found that neglecting building load can result in non-conservative estimate of
modification factors for deflection ratio and horizontal strain for a significant range of
practical building stiffness. It is therefore considered that the effect of building weight
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cannot be neglected when the boundary effect of building stiffness on the ground is used
as a tool to reduce the estimated values of greenfield settlement trough or deflection ratio
and horizontal strain of existing buildings in a building damage assessment.
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6 Summary and Conclusions
6.1 Summary
The goal of the current study is to assess the influence of an existing structure on
tunneling-induced ground movements. This is accomplished through 2D numerical
simulations that are compared with similar prior studies reported by Potts and
Addenbrooke (1997). The current study uses the Plaxis finite element code together with
the hardening soil (HS and HSS) family of constitutive models in order to represent the
undrained shear behavior of clay.
Two scenarios of building load conditions: (1) weightless beam (building); (2) assuming
uniform surcharge of 50 kPa above the beam (representing building self-weight), are
considered. The first scenario is discussed in Chapter 4. 48 finite element analyses were
carried out for a wide range of building axial and bending stiffness EA and EI, and the
focus was to compare the modification factors for deflection and horizontal strain
obtained using Hardening Soil Small (HSS) model with the results of Potts and
Addenbrooke (1997) who used a non-linear elastic model (PJ model by Jardine et al.,
1986). The second scenario was discussed in Chapter 5. 112 finite element analyses
were carried for a grid of EA and El covering the practical values of stiffness for 1- to 10-
storey buildings for both the weightless and the self-weight loading conditions, and the
focus was to assess whether assuming weightless structure in calculating modification
factors is a conservative approach to assess tunneling-induced ground movements and
building damage. Before these finite element analyses were carried out, in Chapter 3,
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the input parameters of the hardening soil family of constitution models were calibrated
for the case of London clay and compared with results of Potts and Addenbrooke (1997),
in order to identify a hardening soil family of constitutive model that matches the
stiffness behavior simulated in Potts and Addenbrooke (1997) to enable a direct
comparison. The fitted hardening soil family of constitution model was used to estimate
the greenfield settlement trough resulting from a tunnel excavation, which was compared
with the empirical settlement trough.
6.2 Conclusions
As the calculating modification factors in this study are obtained by dividing the
calculating deflection ratio and horizontal strain by its greenfield value, it is crucial that
the soil model used in assessing the modification factors for deflection ratio and
horizontal strain is capable of estimating an accurate greenfield settlement trough. Based
on the results of the numerical analyses conducted in this study, the greenfield settlement
trough obtained by the best-fitted HSS model is found to be narrower and fits the
empirical trough better than the prior study, and this forms an important bearing for using
HSS model to conduct the numerical analyses in the current study. The results also
indicated that the choice of soil model has an important influence on the prediction of
greenfield ground settlement.
Based on the 48 finite element analyses conducted for the weightless building scenario,
the modification factors deviated from the results in Potts and Addenbrooke (1997) in
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different extent. However, it was found that modification factors for practical values of
bending and axial stiffness obtained in this study still fall within the design curves
promulgated in Potts and Addenbrooke (1997). It is therefore concluded that the design
curves (for zero eccentricity) of modification factors for deflection ratios (in both the
sagging and hogging modes) and horizontal strains (in both tension and compression) in
Potts and Addenbrooke (1997) provide a reasonable first estimate of the effects of soil-
structure interaction.
Based on the 112 finite element analyses conducted for both the weightless and the
building self-weight scenarios in the range of practical building stiffness (1- to 10-storey),
it is found that neglecting building load can result in non-conservative estimate of
modification factors for deflection ratios and horizontal strains for a significant range of
practical building stiffness. It is therefore considered that the effect of building weight
cannot be neglected when the boundary effect of building stiffness on the ground is used
as a tool to reduce the estimated values of greenfield settlement trough or deflection ratio
and horizontal strain of existing buildings in a building damage assessment.
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